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PRiiFACF 


No  attempt  is  marie  in  this  report  to  completely  cover  the  field  ol* 
rnl  r  rotni  ni.utur  j  zation  of  electronic  equipment.  Rather,  this  represents  the 
authors 1  summary  and  evaluation  of  what  they  believe  to  be  the  more  promising 
and  realistic  approaches  to  microcircuitry.  Also,  included  is  a  report  of 
the  accomplishments  made  at  this  facility.  Finally,  along  with  a  note  of 
caution,  some  speculations  on  the  future  are  presented. 

There  are  a  number  of  excellent  reports  available,  some  of  which 
are  listed  in  the  bibliography. 
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I .  CONCLUSIONS 


The  state -of -the -art  Is  in  such  a  turmoil  that  it  is  impossible, 

;*+.  ’♦.Vn*  R  +.inw*  f.n  +.h*»  \i  1 4- -1  ™j+a  TOTVl  i’t  vill  m>,  CT1C  - 

Bhuuld  be  generally  accepted  at  this  time  -  at  least  by  the  military.  In 
the  interest  of  industrial  preparedness,  all  concepts  should  he  carefully 
followed  and  understood  by  responsible  military  representatives.  Great 
strides  ere  being  taken  forward  and  more  are  inevitable  ar  scientists  learr 
more  about  physics  of  the  solid  state. 

For  purposes  of  discussion  and  reference  In  tills  report,  micro¬ 
electronics  concepts  have  been  arbitrarily  classified  ae  follows: 

fl)  Packaging  , 

7  J 

Integrated  Circuit  ^ceraaie  substrate)  . 

^ 3 1  Integrated  Circuit  (semiconductor  aubetrate ) . 

(  lij  functions]  Elocks  . 

lbs  ralcrwoard  conoept  Is  e  reality  now  and  is  gslnlbg  acceptance. 

A  list  of  microoanp  onset  suppliers  sppesrs  In  Appendix  A,  Baere  is  ■ewosldsr- 
abJe  optimise:  about  the  others . 


PHBCSDIi©  FAGS  BLANK  - 


MOT  FILMED 


I 

t 

l 

1 

i 

t 

1 


IiAFI  REPORT  Tii-7 


IT.  RUG  CMMENBATJ.  ONE 


It  is  strongly  recommended  that  tlile  program  receive  unqualified 
support  not  only  nt  this  facility  tut  at  other  Naval  eatatliBkuaenta-  as  well* 
/■JO.  these  efforts  should  be  coordinated  so  as  to  avoid  as  much  duplication 
as  possible  and.  to  realize  the  greatest  return  for  the  Investment.  3he 
survey  reported  here  revealed  the  c.tste -rOf-the -art  is  in  sudh  a  transitional 
state  that  this  appears  to  be  an  opportune  time  for  the  Navy  to  provide 
direct  support  and  supervision  of  its  own  research  and  development  programs 
on  microelectronics. 

In  consideration  of  this,  the  following  recommendations  or 
nigyestions  are  presented  for  serious  consideration: 

a.  That  on  Intra-iNavy  panel  or  wording  groxq>  .conpOBed  oJ  individ¬ 
uals  who  have  technical  backgrounds  be  established*  Ibis  group  should  keep 
abreast  of  the  latest  Innovations  so  as  to  be  eb3<e  to  evaluate  the  Navy's 
current  and  projected  requirements.  Tt  should  assume  technical  leadership 
at  all  times  and  guide,  encourage,  or  in  some  oases  discourage,  certain 
selected  efforts. 

b*  Presently  available  knowledge,  techniques  and  devices  should 
be  used  now,  where  applicable,  for  prototype  equipment  under  consideration* 
Two  concepts  seen  to  be  feasible  at  this  time,  namely,  modules  with  thin 
film  evaporated  passive  components  containing  inserted  active  components , 
and  mlcrooards  wherein  all  components  are  inserted.  The  purpose  1a  applying 
these  techniques  now  la  to  gain  practical  experience  in  their  application 
and  to  gather  operational  data  for  reliability  studies. 

c*  That  a  1 0-year  progrum  be  initiated;  the  objective  of  which 
shall  be  to  study  development  and  application  of  solid  state  devioes 
capable  of  performing  oeaqp.lete  logic  .functions  within  their  crystallographic 
domains  per  se. 
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TIT.  V.ACKGROiJNT")  ADD  HIMTOFY  OF  THK  PHORLEM 


Eince  the  i  rtroduct  km  of  the  transistor  In  191’"},  mum  funds  and 
effort  have  been  expended  on  miniature  electronic  systems  than  was  spent 
developing  the  atomic  bomb.  ^rum  the  present  plateau,  the  future  of  elec- 
trunlcB  appears  limit  lean. 

At  least  POO  government  and  commercial  interests  in  this  .country 
and  abroad  are  known  to  he  actively  engaged  in  some  phase  of  microelectronics 
mi' l  1  to  app.l  i  cationu . 

I'n  spite  of  ;  lib  fabulous  potentialities,  It  Is  wise  to  keep  one's 
feet,  on  the  ground.  As  In  any  enterprise  It  takes  time  tc>  become  seasoned 
■mil  mature.  Molecul. nr  and  solid  state  functional  systems  offer  great 
promise  ns  a  means  of  achieving  miniaturisation  so  vital  to  the  military 
establishment.  However,  much  more  reaearoh  and  development  Is  required.. 

Most  of  the  units  currently  available  are  relatively  simple  and  designed  to 
handle  little  power,  'fhere  is  rear. on  to  believe  future  models  will  handle 
severel  watts  and  -more.-  Witness  the  following  which  appeared  in  >a  <rqport 
from  Radlochemisi ry  branch  of  AFCHC: 

"Improvements  in  exist! iig  electronic  equipment^  using  available 
materials,  have  for  the  most  barn  pushed  nearly  to  their  limits..  If  grember 
reliability  of  function,,  new  and  desirability  functions  and  major  break¬ 
throughs  are  to  be  realised.,  th.vy  must  for  the  most  part  come  from  new  and 
Improved  materials . " 

Also  the  iolloving: 

"'.nils  1b  the  age  of  rnpid  change  -  in  which  "going  Into  production" 
means  obsolescence..  With  the  bitter  lessons  of  the  transition  from  aircraft 
to  missiles  so  fresh  In  their  memories,  many  aumpanles  will  appreciate  this 
fact,  will  reoognl  &e  the  need  for  thinking  ahead. 

"There  are  those,  however,  who  -  happy  and  completer  fc  i-n  the 
wonders  of  their  own  accomplishments  -  will  some  day  discover  that  once  again 
the  military  airplane  business  seems  to  be  dying  out."  ( Seahrook  Hull.,  aPACR, 
Missile  Design  &  Development,  January  1 9A1O ) . 

The  NAFI  laboratory  has  no  intention  of  "forsaking  all  others"  in 
pursuing  any  one  microminiature  oonoept.  Implied  research  personnel  at  this 
station  have  had  more  than  50  .years  ooirfbined  experience  In  vaouum  technology 
and  thin-fllm  fabrication.  Hie  leader  of  this  group  produoed  some  of  the 
first  thin-fllm  components  15  years  ago  and  has  maintained  an  active  con¬ 
tinuous  Interest  In  the  field.  This  laboratory  Is  equipped  and  staffed  to 
perform  and  evaluate  most,  any  thin-fllm  technique. 

.For  the  past  year  and  a  half,  personnel  in  this  laboratory  have 
been  making  an  extensive  survey  of  the  state-of-the-art.  Ibis  In  a  three- 
prong  attack : 
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1.  r.itfcr.iiure  survey 

Personal  contacts  with  more  than  10  industrial  and  commercial 
Loaders  in  the  field 

1.  Fabricating  thin-film  circuits  for  tcuf  ?,,n 

evil  Luntion . 


As  mi  ctaei r.-y  of  the  Department  of  Defense  and  especially  of  the 
Industrial  Preparedness  Program,  this  laboratory  has  been  "courting  all 
suitors  »  in  mid  1 1 i on  to  maintaining  a  weather-eye  l’or  all  ru  w  and  novel 
approaches,  this  laboratory  has  made  a  few  original  contributions  of  its 

own . 


iuir  j.  lvturuivj.'  'l.'K-f 


IV.  AFPROAC  HES  TO  MICROELECTRONI  J 


After  more  than  a  decade  or  so  of  attempting  to  reduce  the  r.:Lz<; 
and  weigl-1  of  electronic  equipment  by  several  different  approachen ,  four 

/ip'HOn  r  •fco  y*fr 1  nrr  hr  1  f»  wri n> r’c  Aja  r»f*  -M  rirr  UppCClI’C  tc 

he  narrowing  to  four  approaches  which  m;iy  he  prophetic  of  Into  whnt  form 
electronic  equipment  will  ultimately  crystallise. 

It  is  anticipated  that  greater  reliability,  plur  improved 
muter  Luis  mid  reduction  of  costs  wi  LI  accompany  reduction  in  size  und 
weight. 

L.  Packaging  Techniques 

Tills  refers  primiirily  to  various  and  novel  means  of  packaging 
conventional  miniature  components  r3  well  as  other  discrete  ones  of  special 
geometrical  shape. 

\ 

? .  Integrated  Circuitry  on  Ceramic  Substrate 

Integral*-.]  circuitry  is  intended  to  Include  that  group  Ir:  which  n 

number  of  active  and  passive  components  axe  attached  or  fabricated  in  situ 
by  one  or  more  of  a  combination  of  several  thin  film  deposition  techniques 
on  to  a  glass  or  ceramic  substrate. 

3.  Integrated  Circuitry  on  Semiconductor  Substrate 

In  this  concept  complete  operational  circuits  are  formed  in  place 
on  seini conducting  substrates.  by  using  variou~  alloying,  diffusion  and  evnpora- 
tlon  processes,  both  active  curt  passive  components  are  formed  on  a  single 
wafer. 


U,  Functional  Blocks 

Here  individual  component* '  c^aBe  to  exist.  Rather  a  block  of  a 
specially  grown  and  doped  crystal  perfon.JB  a  complete  circuit  function. 

Components  ’or  High  Temperature  Ambients 

In  the  forseeable  future  many  components  nrt  aasemblieu  will  be 
required  to  operate  in  higher  temperature  environments.  Two  approaches  are 
being  seriously  considered  by  various  researchers.  First,  using  components 
available  now,  cooling  by  electrical  or  mechanical  mean6  and,  second, 
develop  new  materials  able  to  perform  the  necessary  circuit  functions  in  the 
presence  of  high  ambient  temperatures.  A  coneiderable  amount  of  material 
has  been  published  about  the  mechanical  cooling  of  equipment,  but  most 
observers  feel  it  will  require  excessive  power  and  penalize  the  primary 
power  plant  too  much. 

Several  materials  are  aval la Die  for  high  temperature  passive 
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component.  nppXIeut j on ,  but  relatively  few  for  active  components.  A  few  are 
ri oiito  of  the  carbides,  slllcides  mid  phosphides,  Basic  materials  studios 
■arc  being  pursued  by  several,  laboratories  under  contract  to  government,  nc'n- 
i:.I.es .  The  search  for  r.cw  materials  able  to  operate  In  h.i.jjh  ambient  tempera¬ 
tures  must  be  diligently  pursued,  because  03  the  terminid.  velocity  of 
vehicles  Is  increased  the  effective  stagnation  temperatures  increase 
I ogarithnically. 

- - -  — -  — -y - 

"Beveral  factors  can  run  the  cost  of  rumufac curing  microminiature 
equipment  unreasonably  high. 

1.  Ilxpensive  capital  equipment  may  be  required  for  automatic 
assembly  or  processing. 

2.  Design  changes  may  run  up  the  manufacturing  coat  by  obsoleting 
intricate  special  tooling. 

0 

3.  Low  yield  may  result  if  tight  process  controls  are  required, 
particularly  if  a  defect  in  any  one  of  several  soquencial  operations  can 
result  in  the  rejection  of  a  considerable  portion  of  an  equipment. 

U.  Inflexibility  of  the  packaging  syatem  can  adversely  affect 
parts  costs  and  availability,  particularly  where  there  are  severe  dimen¬ 
sional  constraints  on  parts.  Such  packaging  systems  can  be  obeoleted  by 
newer  developments . "  (Rtuno-Wooid ridge  Proposal) 

A.  THIN  FIIM  MICROCIRCUITRY 

The  thln-fllm  approach  to  microelectronics  le  a  quasi  two-dimen¬ 
sional  concept  for  the  fabrication  of  electronic  circuitry  on  a  thin  flat 
wafer  jubstrate.  The  present  state-of-the-art  limits  the  application  of 
this  approach  to  the  deposition  of  thin  film  conduotorB,  insulators  and 
resistors  to  form  puosive  roBistivo,  inductive,  and  capacitive  (RLC)  net¬ 
works.  The  network  may  be  rendered  active  by  soldering  or  otherwise 
attaching  transistors  and  diodes  in  the  circuit. 

Thln-film  microeircuitiy  in  its  present  state  of  development  ia 
similar  to  conventional  circuitry.  In  general,  individual  cionponants 
retain  their  respective  identities  and  conventional  circuit  design  techni¬ 
ques  ore  usually  applicable.  There  are  two  notable  exceptions:  high-value 
components  cannot  be  formed  but  distributed  paramet.  r  RC  networks  oan  be 
produced  by  thin-film  techniques. 

Although  thin-film  circuitry  occupies  near  tore  volume,  it  requires 
appreciable  area  because  the  value  of  a  deposited  ooraponent  is  a  function 
of  its  area.  Because  of  area  limitations  only  relatively  low-value  resistors, 
inductors,  and  capacitors  are  available  to  bho  circuit  designer.  As  of  now, 
the  limits  ore  approximately  100,000  ohms  for  resistors,  10  microhenries  for 
inductors,  and  one  microfarad  for  capacitors.  Nvtm  theue  values  aro  diffi¬ 
cult  to  attain  on  microcircuit  substrate  wafers  (leen  than  .1  inch  square). 
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Eventually ,  the  development  of  any  imturia'L;;  and  technique;;  may  raise  these 
limits. 


Since  lumped  parameters  exist  in  thin-film  microcircuitry  and  eon- 
ventional  printed  circuitry,  it  would  appear  that  their  design  procedures 
v/rni'lr)  lu>  1  rtutvM  p***i  jlrnj*  ‘irevr  +luvr«  n v*o  4  r»rr-\ n>4 a  Tit  rH  PfmnnHnnn  Tw  n m  4><a 

provide  continuity  of  circuitry  from  one  side  of  a  board  to  the  other, 
relatively  few  design  problems  arc  encountered  in  laying  out  a  conventional 
printed  circuit  board,  n;; cause  eyciete  or  plated  through  holes  may  be  con¬ 
veniently  located.  In  thin-H  1m  microcircuitry,  holes,  if  there  must  be 
any,  must  be  located  from  one  side  so  ■•li  nut  to  interfere  with  t'nin- 
film  components  on  the  other  side,  Ihe  moat  reliable  means  for  providing 
electrical  continuity  between  faces  of  the  substrate  wafer  i6  through  tran- 
r, inters  or  diodes  mounted  in  holes  in  the  wafer.  This  constraining  feature 
Introduces  several  design  problems. 

The  designer  of  printed  circuitry  has  only  to  specify  circuit 
ooinponent  valueB,  tolerance;;,  and  wattage  ratings,  and  ususilly  is  not 
severely  restricted  as  to  the  dimensions  of  the  circuit  board.  On  the  other 
hand,  the  designer  of  thin-ftlm  mLcroci rcuitry  is  confronted  with  more 
complex  problems.  First  of  a'l  I,  the  dimensions  of  the  substrate  wafer  may  be 
fixed;  and,  as  a  rule,  the  wafer-  ores  is  one-half  square  inch  or  less.  The 
size  of  the  wafer  not  only  restricts  the  amount  of  circuitry  that  can  be 
deposited,  but  oIbo  limits  the  values  of  the  deposited  components. 

In  order  to  take  maximum  advantage  of  the  available  area,  it  is 
desirable  to  make  the  layout  as  compact  as  possible.  The  minimum  space 
between  components  is  governed  by  several  factors  suoh  as  operating  voltages, 
frequencies  and  tho  resolution  of  the  masking  devi  cet  that  define  the  areas 
of  deposited  materials. 

If  the  circuitiy  is  divided  between  both  sides  of  a  wafer,  as  many 
an  eight  masks  aro  required.  (3oe  Figure  1.  )  If  all  the  circuitry  is 
deposited  on  one  side  of  s  wafer,  lE  masks  are  needed  in  a  process  for 
depositing  a  relatively  simple  circuit.  (3ee  Figure  2. )*T 

At  present  the  thln-fllm  concept  suffers  from  a  low  yield  in 
manufacturing.  Consider,  for  example,  the  above-mentioned  circuits  re¬ 
quiring  6  (or  16)  masks  for  their  production.  Each  mask  defines  the  deposi¬ 
tion  for  one  or  more  circuit  elements  on  each  wafer  during  an  evaporation 
cyolo.  Hence,  oiiouit  yield  is  the  product  of  the  average  yield  for  each 
evaporation  cycle.  If  the  average  yield  per  cycle  is  90?  (*  very  high 
yield),  the  circuit  yield  would  be  0.90°  or  ^3?  (similarly,  for  a  circuit 
requiring  IB  masks  for  its  fabrication,  the  yield  would  be  only  15?). 

These  figures  are  disconcerting,  to  any  the  least.  However,  the  economic 
outlook  for  thln-fllm  ml croc i rcuitry  may  not  be  ae  glootfty  an  it  appears  at 
first  glance.  Ragardleso  of  the  method  of  deposition  used  for  producing 
thin-film  circuits,  the  coots  of  the  deposited  materials  are  negligible.  If 
glare  lo  used  as  substrates,  a  relatively  low  yield  of  acceptable  circuits 
in  not  sevloue.  However,  production  economics  become  more  severe  when  more 
expensive  materitle  are  used  an  substrate*.  tabor  and  eq\iipraent  time  are 
ulao  factors  that  must  be  considered  for  the  economic  production  of  mioro- 


9 


HALO  REPORT  TR-Y 


■  • '  rcuitry. 


'J'ne  ralicJ.out.ioa  prod.-noea  tiouoi-ibod  above  arc-  "additive "  la  that 
individual  layers  are  deposited  in  specific  geometric  patterns .  Haloid 
Xerox  nsesj  a  "subtractive"  method  for  fabricating  similar  circuitry,  They 
ucucr.LDe  one  irnDtrac'Clve  process  as  follows: 

"Except.  for  tin;  <H  el  er.hrt  v  film,  each  layer  In  deposited  on  the 
substrate  without  benefit  of  masking.  Each  successive  evaporation,  there¬ 
fore,  completely  covers  tin;  preceding  layer,  (Gee  Figure  3A. )  The  geometry 
of  the  Individual  layers  is  determined  by  selective  etching,  after  the  plates 
are  removed  from  the  vacuum  chumber.  .  .  To  convert  the  circuit  plute  to  u 
furu-tLonul  I1C  circuit,  a  series  of  stencilling  and  etching  steps  ore 
necesBury .  Xerographic  stencilling  was  used  primarily  because  of  the  speed 
of  the  operation.  By  this  technique,  resist  images  are  formed  on  circuit 
pi  ■■l,en  In  approximately  two  minutes.  .  .  For  appll  cuti out!  where  very  high 
i '  solution  (greater  than  loo  lines  per  in.)  is  required,  photoresist 
mi'i.liuuu  are  recommended. 

"Figure  jB  sliows  the  stencilling  and  etching  steps  neceussry  to 
f. i mi  a  simple  flip-flop  circuit  from  on  HC  circuit  plal.e.  The  Initial  Btep 
consists  of  depositing  on  the  conductive  film  a  resist  image  corresponding  ' 
to  the  conducting  line-cupaci tor  top  plute  electrode  pattern.  Tide  is 
followed  by  an  etctilng  step  which  removes  the  exposed  conductive  material 
but  does  not  attack  the  underlying  film.  Resistor  formation  la  accompli shad 
by  on  additional  resist  deposition,  followed  by  an  (itching  step  that  rewoveo 
the  exposed  resistive  film.  Removal  of  the  resist  material  completes  the 
circuit.  Rote  that  it  was  not  necessary  to  etch  the  dielectric  film  in 
order  to  form  capacitor**.  A0  the  capacitance  of  a  parallel  plate  capacitor 
la  proportional  to  the  iu*uu  of  thu  smallest  electrode,  capacitance  values 
within  a  particular  range  may  in;  deterr tnt-d  solely  by  the  geometry  of  the 
top  electrode." 

Another  subtractive  method  for  fabricating  thin-film  ntlcro- 
clrcultry  is  described  in  u  Stanford  Research  institute  ( SRI )  proposal  to 
the  Information  liyotemu  brunch  of  Office  uf  Naval  Hesenxch.  The  method  ie 
rte# crib :•!  ns  "mlorominivxfuri aution  using  electronic  machining/etahing 
techniques "  J t.  currently  under  investigation  at  Stanford. 

Mi  steps  of  the  sra  process  are  conducted  within  the  confines  of 
n  specially  constructed  ultravucuum  system  capable  of  being  evacuate',  to 
better  than  10'^mm  llg.  'ills  deposition  and  machining  operations  may  bu 
dt.scrlbuil  in  general  terms  us  follows: 

"1.  A  film  of  material  is  uepoalttd  on  a  clean,  smooth  ourface 
■  iiil i-.u  the  substrate  by  means  of  either  vacuum  evaporation  or  vupor 
ill  pnul  tlou  tauhniqueu.  Hie  materials  inuy  be  metals  or  non-met<ils,  c.g,, 
tungsten  or  ulumLnum  oxide. 

by  uiniu.i  tenuous  J  y  exposing  the  deposited  film  to  n  low  preusuro 
lircompoihjbiii  gus  and  u  Jooulixed  electronic  beaun,  a  stubJe  compound  called 
a  reoiut  In  formed  where  tlie  bean  hits  the  uiu’face.  Gaseous  by-produutu 
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are  punned  away,  The  resist  will  afford  protection  to  the  underlying  film 
during  tx  ttuudequejit  etching  prucena, 

"3.  Etching  is  accomplished  by  raising  the  substrate  tesperature, 
and  exposing  the  film  to  a  gaseous  etchant;  a  volatile  conpound  Is  formed 
by  reaction  between  the  film  and  the  etchant,  while  areas  protected  by  the 
resist  remain  unaffected. 

'■*.  The  thin  resist  layer  may  now  be  removed  by  means  of  another 
gaseous  etchant. 

"The  over-all  result  la  the  production  of  a  pattern  of  material 
that  has  the  shape  of  the  electron  beam,  Staple  spots,  lines,  or  arers  may 
be  obtained  by  proper  control  of  the  electron  beam.  The  maximum  resolution 
in  set  by  the  resolution  of  the  electron  beam.  Materials  that  have  been 
processed  by  this  method  Include  molybdenum,  tungsten,  tantalum,  silicon, 
iron,  nickel,  silicon  dioxide,  and  aluminum  oxide.  A  ouch  wider  selection 
of  materials  Is  possible." 

Figure  k  shows  the  successive  steps  followed  by  Varo  for  depositing 
passive  components  end  insertion  of  the  active  ones.  Figure  5,  left  and 
right,  respectively,  present  conventional  and  distributed  parameter  schema¬ 
tics  of  the  teas  circuit.  An  leportant  objective  of  the  Varo  pregram  is  to 
form  components  by  neans  of  Ion  bean  deposition,  thus  eliminating  the  need 
for  evaporation  masks. 

Arms  has  bsen  forming  thln-fllm  circuitry  on  l/2"  square  x  .030" 
thick  wafers  as  Illustrated  lu  Figure  6.  Passive  ccmponents  are  evaporated 
end  translators'  are  Inserted  into  .100"  disaster  holes,  and  the  diodes  into 
,060"  holes. 

Figure  7  shows  an  adder  made  by  Aerovox.  It  corslets  of  7  wafers 
counaotad  by  means  of  a  printed  wiring  ceramic  board.  Here,  again,  the 
passive  components  are  either  evaporated  or  printed  while  diodes  and  transit 
tore  ere  attached  to  the  Interconnecting  wiring. 

The  3yl vanla  or  glaaa  hat,  as  it  Is  frequently  dubbed,  uses 
hermetic  sealing  with  an  Inert  protective  atmosphere.  Exploded  and  com¬ 
pleted  views  of  modules  are  shown  in  Figure  3.  Individual  circuit  wafers 
use  a  combination  of  evaporation  and  printed  technics  to  apply  components. 

A  significant  feature  claimed  for  this  concept  le:  it  usee  no  organic 
sealers  or  enoapsulante.  Interconnections  ore  made  by  fired  on  printed 
wiring. 


IRC  has  been  supplying  evaporated  resistors  and  capacitor#  and 
has  accumulated  considerable  data  and  atucb  valuable  experience  in  thln-fllm 
work. 


DOFL  Is  forming  entire  functional  circuits  on  a  single  thin  wafer. 
Thln-fllm  cosponputs  are  depoeited  In  a  2  dimensional  form  and  uncased 
transistors  and  diodes  are  mounted  in  holes  within  the  body  of  the  wafer. 
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IRC,  in  addition  to  developing  conductive,  r«aiativa,  and  insulat¬ 
ing  films,  has  fabricated  integrated  circuitry  by  mounting  diodes  and 
transistors  in  holes  drilled  through  the  substrates.  Reaearch  and  develop¬ 
ment  work  aimed  at  developing  thin  film  active  element#  la  currently  under 
investigation. 

B.  MICROCARDS 

There  appears  to  be  widespread  miaconoeptlon  among  casual  readers 
concerning  many  of  the  aspects  of  microelectronics.  A  mrsibcr  of  t he  5u.s- 
informed  associate  high  vacuum  techniques  with  microelectronics.  This 
association  probably  result#  from  the  publicity  given  to  the  nr— Simla  I  i'll) 
work  of  Varo  Manufacturing  Company,  a  pioneer  In  evaporated  mteroelrcuitry. 
High  vacuum  technique  is  only  one  way  of  depositing  thin  films  and  the  thin* 
film  concept  is  only  ope  approach  to  microelectronic#.  The  realisation  of 
the  latest  upproa  h  to  micros lectroniee  requires  no  expansive  vacuum  coating 
equipment.  This  relatively  new  approach,  the  slam  Last  attempted  thus  far, 
is  a  refinement  of  conventional  printed  circuit  b  ard  techniques  to  include 
the  incorporation  of  microminiaturised  circuit  ecepoaenta*  Many  micro¬ 
miniaturised  components  (microcosponent* )  used  are  those  developed  for  use 
In  the  U.  S.  Signal  Corps  -  RCA  micromodules.  Other  aicrooomponents  here 
been  developed  or  are  being  developed  through  the  efforts  of  the  Micro¬ 
miniature  Electronic  Components  Group  organised  within  El A  Engineering 
Department.  This  group  la  concerned  only  with  discrete  ooqtooeaU  at  this 
time,  and  baa  specifically  excluded  prs -assembled  groups  of  oomponenta  In 
modular  form. 
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The  ocopn  of  the  KIA  MJ crondtiiuturu  Klectronie  Component:*  Group 
^.11  —  .  • 
i  WJ.J.VJW t>  i 


"To  rejommend  physical  and  mechunloel  requirements  for  individual 
□mail  reliable  active  and  pnealvo  components  ae  uatd  in  digital  data 
procanaiiv:  systems,  lbe  particular  ur*aa  of  concern  to  be  included  are: 

'  n.  Recommendations  of  forn  factora  and  load  placement  of  com¬ 
ponents  no  as  to  f uc 1 1 i fcate  the  production  of  aystoma . 

b.  Recommend  a  out  of  apuciflcatlona  on  uotqponents  suitable  to 
oucooaaful  uoeombly  with  particular  emphasis  on  environmental  condition*. 

c.  Recommend  the  moans  for  the  handling  and  transportation  of 
oumpuncnts  from  bho  supplier  to  the  conmimnr." 

This  group  ha*  no  illnsiona  that  tha  combination  of  printed  cir¬ 
cuit  board  techniques  end  miorocomponanie  repreaenta  the  ultimate  in 
mioroeleotrlc*.  Rather,  they  reaofptlie  this  approach  aa  an  Interim  atap 
to  ba  adopted  until  auoh  time  that  thin  film  mioroeleotronlca  and/or  aolld 
state  circuitry  are  deaonetreted  to  be  reproducible,  reliable,  and  eoonoaio- 
ally  acceptable, 

The  simplest  vorslon  of  the  microcard  coneleta  of  miorooomponente 
with  pigtail  leads  mounted  on  thin  etched  copper  clod  glass  epoxy  or  Teflon 
boards.  The  fabrication  of  these  mioroearda  necessitates  more  care  during 
the  etohlng  and  assembly  steps  than  is  required  of  conventional  printed 
oirouitry.  Cleveland  Metal  Specialties  Company  is  one  of  the  Industrie! 
laboratories  sponsoring  this  concept. 

Other  methods  for  mounting  mi orocowponents  avoid  the  need  for 
pigtail  leads,  in  these  paakeglng  schemas  the  mioroooqponenti  ere  inserted 
within  the  body  of  a  oeramio  wafer  whioh  carries  the  aeeoolated  oirouitry 
on  lte  two  major  surfaces, 

The  Rwno-Wocldridge  packaging  aohame  (Sea  figure?  )  *  "involve* 
the  Imbedding  of  presently  available  microminiaturised  components  in  photo- 
etohad  oavttlen  in  a  oeramio  wafer.  Oopper-etohad  electrical  oonduotora 
for  interconnection  are  contained  on  the  eurfaoea  of  the  oeramio  wafer  whioh 
aleo  acta  as  the  structural  carrier  for  the  oongionante.  Tha  present  program 
use*  disorete  components,  but  can  be  extendad  to  include  udoro-moduia  units 
and  moleotronio  unite  as  they  become  avalleble.  Each  wafer  provides  at 
loaat  a  circuit  function.  Beverel  wafera  are  then  interconnected,  by  a 
proprietary  micro-oonnector,  to  perform  e  ayetem  funotion. 

"Repair  la  affeoted  by  the  two-level  prooeee  currently  used  in 
digital  i  qulpment,  Repair  of  the  equipment  is  acoc^liaiiad  by  interchanging 
plug-in  .  urriara;  tlw  carrier  is  repaired  by  replacing  parle,  Although  the 
oarriera  ora  initially  dip  soldered,  parte  can  be  removed  by  a  eolderinf 
Iron  «md  a  new  part  can  bu  pushed  in  with  little  effort. " 

'Ihe  Hughes'  puckering  concept  of  microclrouit  boards  (>'*e  Flgureio) 
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.1:1  ■-  "centered  nbuut  <:  Iron  1 1  <i  leni'Uitii ,  .OSO"  fl  1  runetcr  x  .030"  thick.  Diiilco, 
reiiiiitoru,  tuul  (input1 1  torn  in  thin  form  nre  provldod  with  gold-wind  cud  p.lnLrn 
for  uttnohmnnh  into  the  circuitry .  TnmnlatorB  would  have  the  collector 
con  tint  In  a  uiniflur  .  050"  diameter  end  plate,  with  .emitter  Kind  beau  lendu 
emerging  in  two  platefl  on  the  opposite  surface.  Such  components  can  bo 
inner ted  within  the  body  of  a  board  which  carries  the  associated  circuitry 
on  ion  two  major  uurfuceo.  IXivl  r.  are  carried  in  .Op?"  diameter  through 
holes  in  a  .030"  thick  substrate  and  the  holes  are  located  on  a  .100"  square 
matrix.  Ouch  aparl ng  1  h  adniniMti*  for  i rite r - corapcr.e r.t  connection,  jet  ic  not 
so  tight  ns  to  present  problems  of  accidental  short  clrouits." 

Neither  of  the  packaging  methods  described  above  specifies  standard 
subrtrate  dimensions  other  than  thickness.  Indeed,  It  Is  claimed  that  to 
spotlfy  Bubstrate  area  would  destroy  some  of  the  flexibility  in  design 
claimed  for  these  packaging  schemes. 

lbo  Burroughs  Corporation  "Macro -Module"  packaging  oonoept  of 
microcircuit  boards  (Bee  FlgureLl)  specifies  substrate  dimensions.  However, 
their  suhemo  posssssos  a  feature  that  may  compensate  for  the  Inflexibility 
In  design  Introduced  by  standardisation  Of  wafer  dimensions.  Unlike  other 
packaging  schemes,  tho  Burrough's  Macro-Module  provides  for  the  incorpora¬ 
tion  of  a  heat  pitchuugm*  *«  an  Integral  part,  of  each  module,  Thn  heat  ox- 
!  changer  hi  uuid  to  provide  efficient  trwmfwr  of  heat  from  the  source  to  a 

•ink. 

Ibe  Burroughs  Macro -Module  wafer  la  a  triangular  ohlp  on*  lnoh  In 
height  and  1. 75  Inches  along  Its  baas.  The  flrat  ohlpa  wore  fabrloatad  by 
conventional  printed  circuit  techniques.  Later,  ohip*  were  made  of  Coming 
rotooeram  with  mioroconqionents  mounted  therein  in  a  manner  suggested  by  the 
Ramo-Wooldrldge  oonoept. 

Hie  Deven  Divio ion  of  Oeneral  Mi 11a  has  proposed  mounting  RCA 
microelements  on  large  aaramie  wafers  to  form  functional  airouitry.  The  aim 
la  to  eliminate  difficulties  arising  from  the  uae  of  rlaer  viroa  normally 
used  in  the  micro-module  packaging  oonoept. 

Hie  present  stats-of-ths-art  does  not  permit  the ' fabrication  of 
thln-film  dlodaa  or  tranalatora  by  methods  compatible  with  the  deposition  of 
passive  components  and  interconnecting  circuitry.  Consequently,  thin -film 
olroult  fabrication  requires  that  slots  be  formed  in  the  eubstrete  wafer  to 
eoaoraaodete  the  active  components.  Hie  proponents  of  sdaroolreult  boards 
!  claim  that  the  oost  of  providing  additional  iloti  or  holes  for  the  passive 

components  is  slight.  In  other  words,  they  argue  that  as  long  as  active 
components  have  to  be  imbedded  in  the  substrata  wafer  all  the  components 
;  might  as  vail  bo  lnfotdded,  His  added  oost  of  providing  more  slots  or  holes 

;  to  a  wafer,  It  lo  claimed,  ,1s  mors  t)ian  oompensatsd  by  the  savings  resulting 

[  from  the  elimination  of  critical  masking  problems  end  expensive  vacuum 

operations. 

Hie  proponents  of  microcircuit  boards  enumerate  other  advantages 
of  this  oonoept  of  mlorooiruuitry  as  compared  to  evaporated  clroultry.  Among 
thoos  advantages  they  liati 
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a.  Lower  Investment  in  capital  equipment..  Nn  <*ont.W  M>'h  vacuum 
equipment  is  needed. 

,  b,  Lower  operating  expenses.  Lower  level  of  skills  required  and 
non- critical  operations  required  for  fabricating  microcards. 

c.  Lower  design  coots. 

d.  Higher  wattage  rating  of  resistors.  The  wattege.  rating  of 
inserted  rcuietors  average  about  twice  that  of  evaporated  thin-film  resistors. 

e.  Higher  resistances  and  greater  capacitances  per  unit  surface 

<u*ea. 

f.  Closer  tolerances  on  rea„’.storB  and  capacitors.  These  com¬ 
ponents  may  be  pr* -'elected  according  to  their  values. 

vg.  Wider  range  of  circuit  components  can  be  accommodated.  Ceramic, 
electrolytic  and  tartalytic  oapauitot s ,  wirewound,  carbon  arid  other  resistors, 
and  inductors  may.  be  inserted  in  mlcrotards.  Also,  solid  circuits  developed 
by  Text*  Instruments  and  others  can  Id  Imbedded  in  ceramic  substrate*. 

’•  ’I 

h.  dreater  yields  Sines  components  .-.?**  1  Ml vl dually  pre-teoted 
before  imbedding  a  IOC#  yield  can  be  expected,  A  mishap  during  any  one  of 
the  flevara".  depot' ition  cycles  for  producing  an  evaporated  circuit  invali¬ 
dates  the  entire  wafer. 

i.  Repairable.  Microcards  non  be  repaired.  A  mal-functionlng 
component  osn  be  unsoldered  and  replaced.  Evaporated  circuitry  caiinat  be 
repaired. 

.1.  Mic.rooanponenta  for  insertion  into  holes  in  substrates  are 
available  and  con  be  supplied  to  order.  Special  sizes  and  shapes  of  sub¬ 
strates  can  be  fabricated  or  purchased.  Mlcrocird-tjve  integrated  modules 
could  be  put  into  production  at  this  time.  This  conclusion  cannot  be 
"t ached  for  thin-film  techniques  at  this  tine. 

k.  In  general,  oiae  of  components  and  substrates  could  bo 
"standardized"  for  many  currant  endeavors,  thus  bringing  automatic  assembly 
one  atop  closer  to  reality. 

The  volume  occupied  by  a  microcard  consisting  of  components 
imbedded  in  a  substrate  is  comparable  to  that  occupied  by  a  four-layer  thin- 
film  cirouit. 

9 

Following  is  a  quotation  from  a  recent  advertisement  describing 
another  approach  to  microminiature  circuitry  called  MI CRAM  (Microminiature 
Individual  Components  Reliable  Modules ) ; 

"The  combined  technology  of  five  companies  has  resulted  in  high 
reliable,  off-the-shelf  components  which  can  be  packaged  in  standard  modules 
or  to  specific  requirements  with  a  density  of  2  million  components  parts  per 
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cubic  foot.  MTCRAM  has  waae  these  components  and  noduies  available  to  Indus « 
try  today  -  not  a  pranise  for  the  future.  Ui-Q  Division,  /.erovox  Corpora¬ 
tion;  CMS  Cleveland  Metal  Specialties,  Co.;  PSI,  Pacific  Semiconductors,  Inc. 
Raytheon  Company*  and  Sylvania  Lighting  Products.  Capacitors  Hi-Q,  tlio^o- 
engraved  "Printed1'  circuits,  Designs  &  Packaging  from  Klect.'onicr  Division  of 

i'I  TnU  » J  ^  _ riO  r  _ _  -  -i .  r+  *  .  •  *  »  •  «  .  . . 

Atwtu  iua;  iiuuo.  iwuio  11VNU  ^CUUUVMIUUUOVI  UX VJB1 UI1  j  nS^TWieOIl 

Co.,  Readout  it  Indicator  Lamps  fr.ra  Sylvania  Lighting  Products,  division  of 
Sylvania  Electric  Products,  Inc. 

The  Signal  Corps -RCA  Micicmodule  concept  is  an  extension  of  the 
Tinker-toy  module  concepts  developed  at  the  Bureau  of  Standard a.  Instead  of 
developing  integrated  stages  on  a  single  substrate,  each  aaeg>  orient  Is  held 
by  a  separate  one.  The  individual  wafers  with  their  cosqxmeata  are  stacked 
and  conrected  hy  riser  wires  through  notches  along  the  edges  to  fora  collate 
stages,  lhe  inference  is  that  components  can  be  Made  up  ahead  of  time  end 
stored  for  future  use.  Individual  wafers  are  .31  Inches  square  by  .02  inches 
thick. 


A  unique  concept  by  0,  K.  is  illustrated  in  Figure  12.  Cosqponents 
are  formed  about  standard  toroids  mads  of  a  high  tit aniua-oe ramie  body. 
Assembled  uclts  are  hermetically  sealed  at  a  low  pressure,  are  rugged,  and 
quite  repiatanrt  to  the  effects  of  radioactive  fields.  These  unite  are  said 
to  operate  successfully  at  $00°C,  and  once  operating  tsagierature  la  attained, 
heaters,  as  found.  In  conventional  electron  tubas,  are  no  longer  required. 

C.  3QUD  CIRCUITS 

"With  the  advent  of  the  transistor  and  the  work  iu  ssadeondCtobor* 
generally,  it  now  deems  possible  to  eovlssge  sleotronio  equipment  In  a  solid 
block  with  no  connecting  vires .  The  block  may  ooaslat  of  itgrers  of  insulat- 
lag,  conducting,  ratifying  and  amplifying  materials,  the  eleotrloal  func¬ 
tions  being  connected  directly  by  cutting  out  area  of  the  various  layers." 
This  prophetic  quotation  by  O.U.A.  Dunam r  in  1992  Just  about  aumaariaes  oosts 
of  the  recent  aocaapllsiisvents  of  solid  state  circuitry. 

Work  In  thla  field  in  being  pursued  by  a  number  of  .laboratories. 
Some  are  working  on  individual  components,  while  others  are  vurklng  on 
ooaplete  staRse.  (See  Figure  13*  As  indicated  shove,  the  introduction  of 
the  transistor  greatly  aooelereted  research  in  solid  state  physios. 

Principle  ohjtotlve  of  solid  state  circuitry  is  to  perform  all 
circuit  funatlun*  within  a  properly  prepared  oryutal  of  a  seal conductor.  A 
crystal  might  perform  one  of  the  following  circuit  functions t 

e.  R.F.  Amplifier 

b,  I.F.  Amplifier 

o.  Osoillstor 

d.  Mixer 
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e.  Power  amplifier 

f .  Logic 

Molecular  engineering,  os  such,  is  being  pursued*,  by  a  number  of 
laboratories,  notably,  Westinghouae,  T.I.,  Bell  Laboratories,  Sylvania, 

Sperry -Rand,  and  Varo.  One,  or  a  combination  of  the  following  techniques,  is 
used  in  molecular  engineering;  etching,  diffusion,  vapor  deposition,  ion 
bombardment,  zone  molting,  etc.  In  other  words,  any  technique  that  allows 
o no  to  have  control  over  the  arrangement  of  the  moleculeB  in  a  substance  is 
classified  as  molecular  engineering. 

In  opito  of  the  excellent  work  that  has  been  done,  all  workers 
uKi’ot.-  there  is  much  more  to  bo  done  before  it  vj  11  be  ready  to  emerge  from 
the  laboratory.  While  much  of  the  theory  Js  fairly  well  established,  there 
aro  a  few  nebulous  areas  requiring  more  study  and  research,  Exclusive  of 
research,  the  greatest  need  is  in  the  field  of  applied  development.  This 
involves  the  application  of  lew  methods  and  techniques  and  the  adaptation 
of  methods  from  other  uciotv  as ,<■  As  a  matter  of  fact,  the  fabrication  of 
solid  state  devices  requires  some  knowledge  of  a  host  of  sciences  and  arts, 
some  of  which  may  not  be  related  to  each  other,  and  requires  change  in 
thinking,  etc.  Some  units  are  available,  but  it  may  be  1970  before  com¬ 
pleted  units  are  commends  1.1  y  available. 

JJolid  state  functional  blocks,  products  of  a  new  science  called 
"molecular  engineering  are  being  exploited  by  several  laboratories.  A 
vorkiiig  model  of  an  audio  anplifier  was  recently  demonstrated  publically. 

Its  fidelity  van  "mediocre"  but  it  wap  spectacular  xn  that  the  unit  was  about 
the  size  of  a  pencil  eraser.  To  a  casual,  observer  it  resembled  a  piece  of 
anthracite  vith  several,  wires  attached.  As  more  basic  knowledge  of  the 
physics  of  the  BOlid  ubute  is  acquired,  it  is  anticipated  more  sophisticated 
devices  will  became  uvui table. 

'’arallel  with  the Be  ondeavors,  a  strong  materials  program  is 
required  to  develop  leaser  known  materials  able  to  function  in  high  ambient 
tuoporatuu' .•  <  and  to  handle  greater  power. 

It  in  possible  that  a  small  piece  of  suitably  prepared  silicon  or 
other  semiconductor  material  will  replace  several  circuit  components.  The 
desired  impedance ,  capacitance  and  inductance  in  an  anplifier  stage  may  be 
designed  into  a  single  nolid  state  device. 

The  Westirghcuue  molecular  engineering  approach  takes  advantage  of 
the  advances  made  in  quantum  mechanics  in  recent  years.  A  proprietary  method 
of  growing  dendritic  crystals  in  the  foi’m  of  ribbons  having  very  flat  sur- 
fnrea  is  reported.  3o  far  three- zone  dendritea  have  been  produced  and 
ilemcmarated.  iho  objective  is  the  development  of  -olid  state  functional 
blocko. 

Molecular  uyntem  engineering  differs  greatly  from  all  other  micro¬ 
miniature  concept*  in  that  individual,  or  conventional.,  components  cease  to 
ruriflt  an  such.  Equivalent  electrical  functions  are  performed  by  properly 
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doped  and  grown  domains  usually  within  a  aolid  crystalline  block  of  a  aeml- 
conduct.  i  nr.  mater  ini . 

Another  approuch  though  not  proprietary  starts  with  a  thin  wafer  of 
a  uniformly  doped  or  unhoped  semiconducting  crystal.  Then  by  various  surface 
treatments  such  as  etching,  diffusion  doping,  vapor  plating,  etc.,  the 
VculOua  acuivc  OJU1  passive  component  areas  are  formed  in  place.  Soldered 
connections  and  interconnection  wires  are  entirely  eliminated. 

Figure  14  shows  a  full  wave  rectifier  constructed  on  diffused 
silicon  wafers  with  a  slit  and  trough  design.  Its  size  is  about  l/k  x  1/2 
inches . 

Figures  15  and  l6  show  the  general  layout  of  the  Sperry-Rand  and 
Anna  concepts  respectively. 

Single  crystal  silicon  ingots  are  now  available  and  can  be  furnished 
in  several  specified  resistivities.  These  oan  be  siloed,  d’oed  and  formed 
Into  diodes  and  transistors  by  several  methods  such  as  alloy  junction, 
surface  barrier,  diffused  base  and  alloy  Iff  used  base.  These  techniques 
avoid  the  problems  associated  with  tha  grown  Junction  crystal  eliminate 
high  scrap  losses.  These  units  can  be  prepared  in  advance  or  formed  in 
place  If  required.  This  concept  Is  illustrated  in  Figure  1?. 

Much  more  research  and  development  work  Is  required  before  units 
of  this  kind  will  be  ready  for  the  production  line.  The  state-of-the-art 
It  in  such  a  flux  that  one  cannot,  with  any  degree  of  certainty  at  thia  tins, 
predict  what  the  ultimate  morphology  will  be.  After  reviewing  the  ourrent 
literature,  however,  one  or  two  trends  seem  to  be  emerging.  One  obvious  one 
is  that  electronic  assemblies  will  continue  to  -brink  in  sis*  and  weight. 

Also  efficiencies  will  continue,  to  Increase.  As  more  fundamental  knowledge 
of  the  physics  of  the  solid  state  is  gained  and  applied,  more  ’breakthroughs" 
can  be  expected.  £&ch  step  forward  is  bound  to  have  its  influenco  upon  the 
si se  and  form  of  the  final  product, 

Dr.  Harper  Q.  North,  president,  Pacific  Beni conductors,  Inc,,  has 
this  to  say  about  solid  state  circuitry:  "It's  a  wonderful  concept  degraded 
by  over-publicity  and  about  to  experience  retardation  ...  as  a  reault  of 
over-optimism.  When  technology  catches  up  with  it,  we'll  be  able  to  strive 
toward  braln-llke  circuitry  with  a  vengaano*.  I'm  guessing  it  will  take 
five  years  or  more. " 
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The  present  state-of-the-art  of  thin-film  miurocircuitry  fabrica¬ 
tion  permits  the  deposition  of  resistors,  capacitors,  small  inductnnceB  and 
their  interconnecting  conductor  lines  on  glass,  fused  silica  or  ceramic 
cubetrnteci.  Ultimately  it  is  hoped  that  semiconductor  materials  can  be 
deposited  in  proper  crystalline  structure  and  in  correct  amounts  so  that 
semiconductor  devices,  such  as  diodes  and  translators,  can  be  formed  inte¬ 
grally  with  the  circuit. 

A.  METHODS  OF  DEPOSITING  THIN  FILMS 

Thin  solid  films  cun  be  produced  by  s  number  of  different  methods, 

including: 


a.  Electro-deposition 

b.  Chemical  precipitation,  notably  of  copper,  silver  and  nickel 

c.  Thermal  decomposition  (vapor  plating) 

d.  Solid-state  reactions ,  including  "bo riling  on" 

e.  Cathodic  sputtering 

f .  High  vacuum  evaporation 

Although  all  of  these  methods  have  been  exploited  to'  some  degree 
in  attempts  to  develop  thin-fllm  micronirouitry,  high  vacuum  evaporation  Is 
the  most  popular.  In  general,  films  deposited  by  high  vacuum  evaporation 
have  higher  purity  and  the  process  is  more  easily  controlled. 

1.  Vacuum  Evaporation 

High  vacuum  evaporation  is  simple  in  principle.  (Fig.lG)  it  consists  of 
raising  the  tenqperatwe  of  a  thermally  stable  material  in  a  vacuum  so  that 
evaporation  takes  place.  The  evaporated  material  ia  emitted  in  straight 
lines  from  u  heated  source  and  condenses  on  to  surfacos  surrounding  the 
sourco.  Some  materials  evaporate  from  the  liquid  phase  while  a  few,  notably 
chromium,  evaporate  or  sublime  from  the  solid  phase. 

There  are  three  common  methods  for  heating  an  evaporant,  namely; 
resistance  heating,  r-f  heating  and  electron  bombardment. 

H.  RESISTANCE  KEATING 

'  Resistance  boating  is  the  cheapest  and  most  readily  available 
means  of  raising  the  evaporant  (source  material)  to  its  evaporation  tempera¬ 
ture  ,  In  this  method  the  material  to  be  evaporated  1b  heated  in  contact 
with  a  refractory  metal,  such  as  tungsten,  tantalum  or  molybdenum,  through 
which  a  current  is  passed.  The  source  heater  may  ba  in  the  form  of  a  boat, 
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crucible,  or  filaments  as  shown  in  Fig".  18.  A  disadvantage  of  thiB  method 
is  that  many  materials ,  when  heated  to  evaporation  temperature,  react  with 
the  boat  material.  This  reaction  results  in  the  evaporation  of  the  boat 
material  as  a  film  contaminant  and  also  causes  the  boat  to  eventually  'burn 
out".  These  deficiencies  can  be  avoided  in  some  instances  by  heating  the 
evaporant  by  radiation  (Fig.  18b)  or  by  using  a  crucible  that  does  not 
react  With  the  materiel  t.n  Via  (FiS-  1™  ). 

Control  of  source  temperature  for  resistance  heating  may  be 
acacfijplisueu  with  a  variable  sutotranarormer  (Variac).  This  control  is  fast 
and  accurate  and  serves  to  closely  control  the  rate  of  evaporation. 

1.  R-F,  or  Induction,  Heating 

R-F,  or  lnduotlon  heating  of  evaporation  source  material  is  caused 
by  coupling  r-f  energy  from  a  coll  of  a  high  frequency  generator  to  the 
evaporant,  This  energy  may  be  coupled  directly  with  a  conductive  evaporant 
or  with  a  conductive  container  holding  a  nonoonductive  source  material. 

This  method  of  heating,  which  may  be  controlled  quite  closely  as  to  source 
temperature,  permits  fast  evaporation.  Induction  heating  is  superior  to 
resistance  heating  in  that  no  new  impurities  are  introduced  into  the  system. 
Contamination  Is  absent  for  a1  nonoonductive  evaporant  if  it  has  a  melting 
point  sufficiently  lower  than  that  of  the  conductive  container.  Ihe  chief 
disadvantage  of  induction  heating  la  the  high  Initial  ooat.  Soma  of  the 
industrial  laboratories  using  r-f  to  haat  e vapor ants  are:  Bell  Telephone 
Laboratories,  I  EM,  Remington-Rand  Ufiivac,  and  Hughes  Aircraft  Coop  any.  (Fig. 19) 

2.  Electron  Bombardment  Heating 

Electron  bombardment  melts  target  anodes  of  x-ray  tubes  and  burns 
holts  in  the  plates  of  vacuum  diodes  If  heat  is  not  dissipated.  When 
properly  controlled,  electron  bombardment  Is  a  highly  satisfactory  method  of 
heating  an  evaporant, 

The  eseentlal  elements  of  an  electron  bombardment  arrangement  (see 
Figure  20)  are  a  cathode  (hasted  filament)  and  anode  (usually  a  metal  to  be 
evaporated)  plus  power  supplies.  When  heated,  the  filament  emits  electrons 
which  are  accelerated  to  the  anode  by  potentials  between  1,000  and  10,000 
volts. 


Some  of  the  industrial  laboratories  using  electron  bombardment 
heating  are:  Varo,  I  EM,  Motorola,  and  Halex. 

3*  Cathode  Sputtering 

Ihe  cathode  of  a  glow  discharge  slowly  disintegrates  during 
bombardment  by  ionised  gae  molecules.  Some  of  the  stoma  ejected  from  the 
cathode  condense  on  surfaces  surrounding  the  cathode.  This  method  of 
obtaining  a  metallic  film  la  called  sputtering.  Although  this  ooatlng  method 
has  bean  known  for  e  long  time,  the  meoh units  of  the  process  Is  not  fully  * 
understood.  The  sputtering  process  requires  a  range  of  pressures  from  1 
down  to  ebout  10"*mn  Bg,  and  a  range  of  potentials  from  1000  volti  to  as 
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high  as  20,000  volts.  The  sputtering  unv^qn  -Ten"  w,.-  .n _ ... 

noffijally  much  slower  than  high  vaouui  ‘evaporation. “!»' 

^  !??  13  ^rcnnilJn.  Mmlnuin  and  titanium,  which  are  protected  by 

0x1488 *  sputtering  rate  also  depends  on  the  gas  in  which  the 

££u£  ®*  °CCWa’  Bie  rate  18  re^ivt-Iy  high  ^  ^  fnd  lowost  ln 

Sputtered  films  rarely  have  properties  superior  to  those  of 

^if8*  A  notabl4  exception  is  the  greater  adherence  of  sputtered 
gold  films.  Since  sputtered  films  are  produced  in  a  poor  vacuum,  they  are 
likely  to  be  contaminated  by  occluded  gases.  For  this  reason  and  because 

put  .ering  is  a  much  slower  film  producing  process,  high  vacuum  evaporation 
in  generally  preferred. 

r?lophono  LaboratoriesTsnploy  cathode  sputtering  in  a 
circuit  fabrication  oonoept  involving  the  use  of  a  single  refractory  astal. 
such  aa  tantalum  or  r.ireoniuin,  to  fora  conductor  lines,  resistors,  capacitor 
e^?f!iro4?8  capaoitor  dielectric.  Since  refractory  metals  readily 
oxidise  in  a  glow  discharge,  the  coating  chamber  has  to  be  purged  of  oxygen. 
Purging  is  aoocKPliaued  by  reducing  the  coating  chamber  pressure  to  bolov 
}°  ,7,^  Uld  wlth  pur9  mr«on*  *»  sputtering  operation  is  per- 

8Tgo?4  B?11  TolePllon9  Laboratories  reoommend  high  vacuum  « vapors- 
tion  with  electron  bombardment  heating  aa  being  superior  to  oathodio  aputter- 


,  Cathodic  aputtorlng  normally  requires  a  gas  pressure  a  law  orders 

of  magnitude  higher  than  can  be  tolerated  during  vacuum  evaporation j  however, 
a  high  vacuum  sputtering  process  was  demonstrated  by  the  Oeneral  Mills  Oco- 
pany  laboratory,  nisir  process  requires  that  the  substrate  to  receive  the 
coating  be  umersed  in  a  low-proa  sure  plasma  of  high  density. 

As  mentioned,  some  metals  roadily  oxidise  in  a  glow  discharge, 

The  process  whereby  a  oonductlve  material  reacts  with  an  ionized  gas  in  a 
glow  die charge  is  called  reactive  sputtering.  For  example,  barium  titanate. 
rendered  oonductlve  by  reduction  in  a  hydrogen  atmosphere,  will  produoe 
barium  titanate  films  when  sputtered  in  the  presence  of  oxygen.  Other  con¬ 
ductive  materials  may  be  sputtered  in  various  active  gases  to  form  oocmounds. 
In  general,  reactive  sputtering  of  films  is  slow  and  difficult  to  oontrol. 
Muoh  work  remains  to  be  done  before  the  prooess  is  made  practical  for  micro¬ 
electronic  applications. 


U,  Methods  of  Heating  Substrates 

Msans  to  achieve  rapid  and  uniform  heating  of  substrates  are 
neoeseary  for  the  economical  production  of  stable  evaporated  thin  film 
circuitry.  The  most  casaon  method!  for  heating  substrates  are:  infrared 
heating  unite  direoted  toward  the  face  of  the  substrate,  resistance  contact 
heaters  placed  above  the  substrate,  and  a  d.o.  glow  discharge  from  a  cathode 
consisting  of  a  metal  having  a  low  sputtering  rate.  3he  ion  bombardment  of 
the  glow  discharge  not  only  heats  the  substrate,  but  also  gleans  it  of 
hydrocarbons  and  moisturo.  However,  since  a  glow  discharge  cannot  occur  in 
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a  high  vacuum,  a  special  vacuum  procedure  nuet  be  followed.  First,  the 
evaporator  Is  evacuated  to  coating  pressure  and  air,  or  preferably  oxygen, 
tu  admitted  until  tne  gas  pressure  is  sufficient  to  susteln  a  glow  diocharge. 
A  discharge  ot  from  2000  to  5000  vol-ii  from  50  to  200  railliamperes  for  from 
3  to  10  minutes  is  applied.  Finally,  the  evaporator  is  evacuated  to  coating 
pressure,  Since  there  is  an  nppreri »>.i *  l-p-?  of  time  hetwcon  the  end  01  cne 
grow  discharge  cycle  and  the  beginning  of  the  coating  cycle,  the  substrate 
has  a  chance  to  cool  somewhat.  Since  the  time  required  for  pumping  down. to 
coating  pressure  any  vary  from  cycle  to  cycle,  the  coating  temperature  of  the 
substrate  cannot  be  accurately  predicted.  Hence,  the  glow  discharge  method 
of  heating  is  not  suitable  when  a  predetermined  sutos-crate  temperature  is 
required. 


A  convenient  method  for  heating  substrates  is  furnished  by  resist* 
ance  heaters  placed  above  the  holders.  Bare  tungsten  stripe,  colls  or 
heating  units  consisting  of  tungsten  wire  imbedded  in  fused  silica  tubas  have 
been  successfully  used  for  heating  substrates. 

Another  convenient  method  for  heating  substrates  is  provided  by 
Infrared  heating  units  with  suitable  reflectors  to  give  uniform  heating. 

A  discussion  on  evaporated  films  would  not  be  complete  without  a 
few  words  concerning  the  structure  of  surfaoes  and  the  formation,  structure, 
and  adhesion  of  evaporated  metal  films.  First  of  all,  it  should  be  noted 
that  no  curfaoe  is  either  smooth  or  uniform  over  areas  measured  iu  terms  of 
atomlo  or  molecular  dimensions.  The  cleavage  planes  of  crystals  probably 
have  the  smoothest  natural  surfaces.  Fire-polished  borosllloeto  glass 
probably  has  the  smoothest  surface  likely  to  he  encountered  in  adorocirouitry 
fabrication. 

Borosilioate  glass  la  composed  essentially  of  silica  (SIO2)  with 
varying  amounts  of  baric  oxide  (BpOg)  phosphorus  pentoxlds  (P2O5)  and  alumina 
(AlgOj).  Interspersed  within  the  network  are  alkali  or  alkaline  earth 
metals  such  as  c odium  and  calcium.  These  elements  are  called  network  modi¬ 
fiers. 


The  building  unit  of  silica  glasses,  which  is  identical  to  that  of 
crystalline  quarts,  trldymlte,  cristobalits,  and  all  silicates,  Is  the  8101, 
tetrata&ra.  It  £■  probable  that  the  allloon  and  oxygen  are  only  partially 
ionised  and  that  their  tetrahedr  l  arrangement  nay  be  the  result  of  the 
oosMaed  influence  of  the  alee  of  the  silicon  and  ojQrgsn  ions  and  of  the 
tetrahedral  a ovals nt  forces.  According  to  the  rules  governing  glass  forma¬ 
tion  these  tstrahedra  may  share  corners  but  not  edges  or  faats,  and  at  least 
thrto  omers  of  eaoh  tetrahedra  must  be  shared.  From  these  rules,  It  is 
nvlAeta  *xtat  the  tetrahedral  framework  must  Include  relatively  large  hol^s 
bounded  by  oxygen  ions,  The  larger  network  modifying  alkali  ions  may  be 
fcuhd  in  these  holee, 

The  structure  of  the  surface  of  glass  nsoessarily  differs  from 
that 'of  the  Interior.  When  s  place  orfsdass  Is  cut,  broken,  or  ground, 
choral oAl  bond#  are  broken.  If  an  fli-wlond  is  severed,  oxygen  from  ths 
atmosphere  (or  even  oxygen  in  the  partial  vacuum  of  a  high  vaouum  avapora-  • 

Or! 
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tion  ch*.urib*;j* )  almost  funned:]  ulul y  combines  with  the  si  J  .1  con .  ‘i'i n ■  f .  |-, ,, -  |,nt; 

i'.v ri'aco  cf  a  ''clear."  piece  of  huronl.licuto  glass  contains  oxygen  Ion:;,  many 
if  which  are  attached  to  only  u:n;  ntlirou  ’r>*  ,  mid  chance  sodium  arid  other 
metallic  tone.  The  unshared  oxygens  a >•<■.  ruidd  to  pobarrm  unsatu rated  va'U.-ne.  i: . 
lienee,  the  glass  surface  posneueo;;  rugl  one  uJ'  low  and  high  surf ace  net  L el  ty . 

I  -*  r\  I  .  .mi  .tT  i  ■  rt  i  •  t  o  r»1  'I  /m  ir>  .4  I*  .  \  ■v*  nmn  I  a  '  .*»  +V  .  \  n  +  , .  .  >-♦'  V\  /x  *1  »%  V  />  «*  m4*  >. «». .  f'.-,  ^ 

i  short  time,  these  imiiatu  rated  valences  (points  of  relatively  high  activity) 
become  r'.utinfl ed  by  attracting  hydrocarbons  (oily  mole cn Ins )  or  water. 

hydrocarbons  can  be  removed  from  a  glass  surface  by  chemical 
methods .  Vuter  01-  tire  hydroxyl  (”0!i)  :tonn  con  be  removed  by  subjecting  the 
glass  surface  to  h  temperutura  of  about  'mo  c,  preferably  in  a  vacuum. 

The  pc-ints  of  relatively  high  energy  existing  on  a  clean  glues 
carfare  become  nucleation  centers  for  condensed  atoms  during  the  vacuum 
.'vaporution  process.  The  atoms  to  first  condense  on  u  glass  surface  migrate 
.Lo  points  of  blather  energy  and  form  isolated  agglomerates  or  grainn.  The 
arrival  of  subsequent  atoms  causes  these  grains  ho  grow  together  to  form 
larger  crystals  and  a  continuous  'pilm.  A  hot  substrate  imports  more  energy 
Lo  a  condensed  atom  than  ro-  a  coal  base,  thus  allowing  the  tiboino  to  diffuse 
over  the  surface  to  form  larKor  grains,  larger  grains  are  aJ.no  formed  at 
slower  deposition  rates  lu.-enur-e  the  eoiuiunsod  unite  rial  has  more,  time  he 
migrate  over  the  surface  Lo  preferred  sites. 

A  slow  rata  of  deposition  along  with  high  residual  gas  prenoure 
(poor  vacuum)  remits  in  the  formation  of  rough,  porouo,  Impure  films.  Gases 
present  during  evaporation  may  be  occluded  within  the  film  structure  or 
chemically  cmabinf.il  with  the  film  materia]. 

'fhe  angle  at  which  evanor.at«>d  mater  Lai  impinges  on  «  substrate 
surface  ;lnf  lue  near  the  texture  of  •vanorated  films.  As  the  incident  angle  is 
increased,  the  impinging  i  tor..  arc  an  .bln  t<>  penetrate  the  Interstices 
between  grains  arrowing  on  the  aubutrate.  Consequently  condensation  is  con¬ 
fined  to  the  peaks  of  the  larger  tfrains  arid  growth  proceeds  in  the  direction 
toward  the  evaporation  source. 

Herat shed  or  abraded  areas  on  n  glass  surface  otiose  more  nuclea- 
tion  centers  and  present  various  a. pacts  to  tlie  evaporation  source.  For 
tlieao  reasons  ourface  naperltiou  are  magnified  by  evaporation  of  «  material 
thoroon.  The  usimi  arguments  explain  why  thicker  films  are  rougher. 

a.  mrnn'i’PATK  matkh[a.t.;i 

The  validity  of  a  vacuum  evaporated  thin-film  circuit  :ls  influenced 
ny  the  mechanical,  chemical,  thermal  and  electrioal  properties  of  the 
nu) int rate  and  the  ■  ondltion  of  its  surface. 

P. antics  (uni  other  organic  materials  are  undesirable,  chiefly 
hi'cauiJu  thuy  otii.gnu  in  ri  vacinua  and  have  poor  thermal  properties .  ho  cause 
id'  their  high  m.1  oetrical  conductivity,  bare  metals  cannot  be  used  as  sub- 
titrates;  possibly,  advantage  could  bo  taken  of  thoir  high  thermal,  conduct! - 
v  l by  by  utv,  outing  Lhuni  with  a  thin  insulating  i'i.hn. 
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The  inucj-outructure  of  the  surface  of  a  substrate  affects  the 
properties  of  an  evaporated  f 1 3m.  For  example,  the  degree  of  roughneoc  of  a 
substrate  influences  the  resistance  properties  of  a  film  deposited  thereon. 

"ii  a  rough  surface,  flat  areas  of  peaks  and  valleys  receive  deposits  at 
normal  incidence,  while  steep  sides  cure  coated  at  oblique  angles  and  thus 
receive  a  thinner  layer.  Hence,  the  -P-rim  n<w?iEts  of  n  network  of  low  and 
high  resistance  areas,  HI  nee  moot  resistor  films  oxidize  to  some  extent, 
the  high  resistance  ureas  may  consist  predominantly  of  an  oxi.de.  Many  oxides 
have  a  high  negative  coefficient  of  resistance  vniie  metals  have  a  positive 
coefficient.  Mixing  the  two  effects  may  or  may  not  have  a  desirable  influ¬ 
ence  on  the  resistance  characteristics.  In  any  caBe  the  resulting  properties 
may  be  difficult  to  predict. 

The  raiorostructure  of  the  surface  of  a  substrate  also  affects  the 
properties  of  an  evaporated  film.  From  the  nature  of  the  growth  of  single 
crystals,  it  is  known  that  the  growth  of  subsequent  layers  tends  to  assume 
the  same  crystallographic  orientation  as  the  base  crystal.  This  epitaxial 
growth  on  the  surface  of  a  non-oriented  polycrystalline  substrate  is  impor¬ 
tant  in  determining  some  of  the  properties  of  evaporated  films. 

/ci  ideal  substrate  would  have  the  following  properties : 

a.  High  thermal  conductivity 

b.  Minimum  electrical  conductivity 

c.  Low  thermal  coefficient  of  expansion 

d.  }[igh  resistance  to  chemical  effects 

e.  High  mechanical  strength 

f.  Flat,  smooth  Burface  for  deposition 

g.  Homogeneous  surface  microetructure 

*  h.  Low  dielectric  constant 

Of  uourse  no  single  material  possesses  all  the  desirable  qualities 
listed  above.  Certain  compromises  appear  to  be  necessary.  Olass  and  some 
ceramics  meet  many  of  the  desirable  characteristics . 

Olass  is  probably  the  most  popular  substrate  material  for  evapo¬ 
rated  thin-film  mlcroclrcultry.  Although  it  has  relatively  low  thermal 
conductivity,  glass  Is  cheap,  readily  available,  has  a  flat,  smooth  surface, 
rmd  hms  favorable  electrical,  chemical  and  thermal  expansion  properties. 

The  homogeneity  of  glass  surfaaes  can  be  improved  by  evaporating 
thereon  a  film  of  silicon  oxides  from  2000  A  to  10,000  A  thick.  Olass 
surfaces  thus  treated  behave  similar  to  fused  silica,  another  substrate 
material  of  interest  in  microcircuitry  fabrication. 
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fortunion  would  ho  pro  I'crrud  for  substrate  wufors  if  they  could  be 
produced  Wji'r>  dielectric  constants  no  low  ns  that  of  glass  'end  surfaces  w 
smooth  aa  that  of  poliahed  glass.  In  general,  ceramics  excel  glass  in  heat 
conductivity,  mechanical  strength,  and  high  temperuture  capabilities.  Amor lg 
ceramics  of  Interest  are  high  alumina  'lpO^}  beryllia  (BeO),  ‘barium 

titnnito  ( UaTlC. ),  ruiu^aeun  ami  Voiiofonn.  fne  xaxter  two  are  of  unique  - 
interest  because  procina  intricate  holes  or  slots  can  be  formed  in  them  by 
n  patented  photo-chemical  process,  however,  Fotocernm  and  VotniVinn  nr  a 
proprietary  (Corning-  (liana  Co.  )  materials,  and  lienee  their  universal  adop¬ 
tion  for  microcircuit ry  applications  is  unlikely, 

barium  titanate  ceramics  would  appear  to  be  undesirable  for  use  as 
micracirauitry  Bubstrate  material  bocauae  of  their  high  dielectric  constants 
(k  greater  than  about  hOO).  However,  Varo  Mfg.  Co.  has  capitalized  on  these 
high  dieleotrio  constants  and  is  successfully  using  barium  titanate "ceramics 
In  n  circuit  concept  involving  distributed  constants  (Figure  5)  as  opposed 
to  lumped  circuit  parametcro ,  This  circuit  concept  reduces  the  number  of 
circuit  components  and  roughly  halve a  the  number  of  evaporation  masks  re¬ 
quired  for  producing  R-C  networku.  Barium  titanate  ceramics  suffer  from 
extreme  brittleness,  a  characteristic  that  may  exclude  them  from  serious 
eimntderatton  as  microcircuit  oubstraten. 

Alumina  and  be  ry Ills.  have  many  characteristics  that  make  them 
attractive  as  substrates  for  microairnuitry.  They  have  good  overall  thermal, 
aleotrieal,  chemical  and  mechanical  properties  and  can  be  produced  with  a 
smooth  surface  texture.  High  boryllia  ceramics  possess  all  the  desirable 
properties  of  the  aluminas  with  respect  to  electrical,  chemical  and  mechani¬ 
cal  characteristics,  but  aloo  have  a  thermal  conductivity  approaching  that 
of  aluminum  metal.  Beryllia,  however,  is  toxic.  When  in  a  powdered  form 
and  in  a  condition  which  allows  it  to  b«  taken  into  the  lungs,  beryllia  can 
be  a  dangerous  poison.  No  harm  will  reoult  if  simple  precaution®  of  adequate 
ventilation  are  observed  during  drilling  or  grinding  operations  on  beryllia 
wafers . 

U.  MASKS  AND  MASK-SOURCE  CIIANQKRS 

The  aapacitance  of  a  thJn-film  condenser  io  a  function  of  the  arena 
of  the  capacitor  electrodes.  'Hie  resistance  of  a  thin-film  resistor  iq,  n 
function  of  the  resistor  length  :  width  (aspect  ratio).  The  interconnection 
of  miorooircult  components  requires  the  deposition  of  conducting  materials  on 
accurately  located  areas  of  the  substrate.  Hence,  the  successful  production 
of  passive  thln-film  microcircuitry  is  largely  dependent  upon  th»  ability  to 
deposit  desired  materials  nt  accurately  defined  areas  on  a  substrate. 

8omo  types  of  masks  are  disposed  oT  after  ubo  while  others  are  used 
repeatedly.  A  disposable  mask  cun  be  made  from  Kodak  Photo  Resist  (KPR)  in 
the  following  manner; 

a.  Coat  substrate  wafer  with  a  thin  film  of  KPR  solution  by  brush¬ 
ing,  spraying,  or  dipping.  Allow  fl  Un  to  dry. 

b.  lixpouc  oontecl  wai*er  to  ultraviolet  light  through  a  photographic 
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pwis  Ltlve  u.f  the  circuit  dement. 

c.  Develop  exposed  wnt'er  thuo  display! ng  tlui  bare  pattern  of  the 
circuit  clement. 

The  required  matoi Ini  i  <»  a'-poalisd  ever  the  outlie  w.-*f.-?r  by  puysi- 
cnl  means  (evaporation  or  sputtering)  or  by  chemicul  deposition.  The  coated 
subetmto  is  then  immersed  in  n  solvent  for  the  photoresist.  The  photoresist, 
■■dth  its  overlay  of  deposi ted  mn'r.eriul  3  3  removed,  except  where  the  cubstrntc 
was  bared . 

Photoresist  does  not  moke  an  ideal  mask.  Being  organic  it  can  de¬ 
grade  the  vacuum  in  the  case  of  evaporated  films  or  it  can  contaminate  sput¬ 
tered  films  with  its  decomposition  products.  Also,  if  glass  substrates  are 
used-.  Internal  reflection  of  light  during  exposure  (Step  b) results  in 
circuit  patterns -showing  feathery  edges. 

Theso  deficiencies  can  be  avoided  by  adopting  a  more  elaborate 
procedure  for  making  disposable  masks.  In  the  modified  process  the  substrate 
wafer  is  coated  with  n  thin  layer  of  metal,  such  as  copper  or  aluminum, 
be fon.  proceeding  with  steps  (a),  (b),  and  (c).  Following  step  (c)  the  bare 
rnotuL  in  etched  through  to  the  substrate.  The  remaining  layer  of  KPR  is 
dissolved  away,  thus  leaving  on  extremely  thin  metal  stencil  of  the  desired 
pattern  firmly  attached  to  the  substrate.  The  material  of  the  circuit 
element  is  deposited  onto  the  etched  metal  pattern  and  the  whole  unit  is 
immersed  in  an  etchant  for  the  metal,  The  raetsd  mask  with  its  overlay  of 
deposited  material  is  removed,  leaving  only  the  desired  circuit  element  on 
the  substrate. 


Bell  Telephone  Laboratories  pionoernA  the  development  of  disposable 
metal  masks.  It  la  reported  they  produce  patterns  as  narrow  as  one  mil 
spaced  one  mil  apart  by  UBing  photoengraving  technique®  on  sputtered  copper 
films. 

Because  they  are  thin  and  maintain  intimate  contact  with  the  sub¬ 
strate,  disposable  maaks  are  capable  of  being  fabricated  in  intricate  pat¬ 
terns  having  extremely  fine  definition.  Despite  these  attractive  features 
disposable  masks  will  probably  not  find  extensive  use  in  miorooirouitry 
production.  The  rather  complicated  processes  required  for  their  fabrication 
and  removal  have  to  be  repeated  for  each  pattern.  Beoause  as  many  ns  four 
patterns  are  required  for  depositing  circuitry  on  only  une  olds  of  e  Sub¬ 
strate,  great  care  must  be  taken  not  to  damage  any  underlying  films. 

Although  they  are  not  capable  of  defining  pntterns  of  extreme  . 
lebii.l,  rouH-iblo  innsksi  arc  favored  by  innut  experimenters.  Reusable  masks 
fir*;  made  of  .natal  or  otohnble  photoaenslt.ivi.  ,'lnas,,  Muuka  fabricated  from 
photosensitive  glass  have  these  attractive  features r  ' 

a.  They  can  be  fabricated  to  extre/ely  olooe  tolerances  (4-0,0003 
Inch  and  -0.0000  inch)  where  necessary. 


They  are  Mat,  rigid  and  are  therefore  capable  of  maintaining 
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c.  They  vi  11  withotand  connidornblfi  median!  ci>  l  r.bucc. 

(I.  Thny  urc  nil-'  ■ffecfctvi  by  nomui  clean  lug  proeecocc. 

The  chief  arnwDucit  to  the  uce  of  etchable  phot.uhcnsitlve  glunsec 
■  uru:  they  arc  proprietary  products  (Corning  Fotoform  and  B'otocerori)  and 
the  time  required  for  their  fill irient Jon  and  delivery  car.  be  ..n  inconvenience. 

Me tul  evaporation  macks  can  be  fabricated  by  machining,  etching,  . 
ir  electro forming  processes.  Electroformed  masks  are  usual] y  formed  on  glass 
platoe  from  which  they  arc  subsequently  stripped.  A  typical  procedure  for 
manufacturing  electroformed  masks  follows : 

a.  Evaporate  a  metal  double  layer  -  copper  on  aluminum  -  on  a 
glass  plate. 


b.  Coat  metallized  glass  plate  with  a  thin  film  of  a  photosensi¬ 
tive  emulsion  (such  no  KFR)  by  brushing,  spraying  or  dipping.  Allow  photo¬ 
sensitive  film  to  di*y. 

c  •  Expoui;  aunui  ti/.ed  piutr  to  ultraviolet  light  through  a  photo¬ 
graphic  positive  of  tho  circuit  element. 

d.  Develop  exposed  plate  thus  boring  the  metailio  pattern  of 
the  circuit  element. 

e.  Chemiuaily  etch  way  exposod  metal. 

f.  Dissolve  remaining  urtulsiou  lsyer  (KPR)  in  »  suitable  solvent 
thuo  exposing  the  copper  surface  of  tho  thin  pattsrn  of  the  evaporation  mask. 

g.  Increase  thlckneie  of  evaporation  mask  to  about  0.002  inch  by 
electroplating  nickel  from  a  nickel  sulfnmnte  bath. 

h.  Free  evaporation  mask  from  the  glass  plate  by  dissolving  the 
aluminum  underlayer  in  a  suitable  oolvent. 

Hie  electroplating  step  reduces  the  width  of  openings  in  the  mask 
because  plating  deposits  metal  at  the  edges  os  well  as  on  the  exposed  hori¬ 
zontal  surface.  Hence,  oiiuwnnu^s  must  be  made  in  the  artwork  to  compensate 
for  thin  deficiency. 

Theru  are  eeveral  varittions  of  the  eleotroformitig  proosss.  Manka 
having  stencil  pntterno  showing  fujthful  reproduction  of  artwork  can  be 
a! eetroforraed  by  u  prooean  outlined  in  flsotion  VT. 

Must  experimenters  engaged  in  rtsearoh  on  evaporated  thin-film 
mi crucircuitry  uso  stohtnl  metal  inssxo  from  0.001  inch  to  0.007  inch  thiok 
t,o  define  clrouit  pattsrno.  Copper,  iron,  beryllium  copper,  mum«tal,  etaiie 
Jess,  etnol  iuid  tl'.anlum  are  umon#  metals  from  which  masks  may  be  etched,  flip 
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latter  th.-'Oi'  ure  more  desirable  as  they  are  more  rcsirtont  to  the  corrooive 
action  of  cleaning  solutions.  However,  this  property  that  makes  them  desir¬ 
able  a.luo  renders  them  difficult  to  etch.  Each  metal  requires  u  different 
etching'  technique. 

inched  metal  evaporation  masks  are  fabricated  by  u  photochemieal- 
resiat-etehing  process  similar  to  a  method  commonly  used  for  processing  high 
quality  double -sided  printed  wiring  boards.  A  master  pattern,  which  muy 
range  from  10X  to  200X  ei'/e,  is  photographically  reduced  to  the  size  required 
for  the  finished  m-'isk.  From  this  negative,  a  pair  of  film  positives  is 
prepared  so  that  the  patterns  line  up  when  their  emulsions  are  placed  togethe 
Properly  aligned  films  are  taped  together  at  two  or  three  edges. 

The  sheet  metal  to  receive,  the  pattern  is  coated  on  both  sides  with 
KPR,  ’or  other  photoresist  emulsion,  dried,  and  placed  bo-tween  th<f  aligned 
films.  This  combination  is  plnoed  in  a  vacuum  frame  and  both  sides  exposed 
to  ultraviolet  radiation.  After  the  coated  metal  is  properly  exposed,  it  Js 
removed  from  the  film  envelope  and  developed  in  on  appropriate  solution.  The 
exposed  (hardened)  emulsion  acts  us  a  resist  in  the  etching  bath. 

The  accuracy  of  the  etched  mask  depends  on  a  number  of  factors 
related  to  the  otohing  process; 

n.  Speed  of  etoh.  In  general,  a  faster  etoh  will  produce  a  more 
accurate  pottern. 

b.  Ratio  of  metal  thickness  to  opening  width.  Satisfactory 
results . .ure  obtained  if  the  mask  thickness  Is  equal  to  the  width  of  the 
narrowest  opening. 

o.  Grain  si»*  of  metal.  A  more  accurate  pattern  having  smoother 
edges  con  be  etched  from  uniform  fine  grained  mrtals. 

d.  Ability  of  photosensitive  resist  to  adhere  to  metal.  Obviously 
poor  adhesion  of  resist  to  metal  would  result  in  irregularities  in  the  mask 
openings,  .. 


c.  Homogeneity  of  metal.  The  rolling  prooess  usod  in  fabricating 
sheet  metal  induces  an  oriented  utruotural  condition  that  onuses  preferential 
etohing. 


f.  Btohing  procedures.  For  example,  there  is  less  undercutting 
of  metal  if  the  etohant  is  sprayed  normal  to  the  surface. 

Regardless  of  the  oare  exaredsed  in  etohing  masks,  some  undercutt¬ 
ing  always  occurs.  Openings  in  etched  masks  are  always  wider  than  the  photo¬ 
graphic  pattern.  Allowance  for  this  disorepnnoy  must  bo  made  in  the  artwork. 
The  extent  of  the  oorreotion  can  only  bo  accurately  determined  after  stohlng 
procedures  ore  established  and  measurements  made. 

Home  experimenters  have  successfully  used  machined  masks.  A  good 
Jig  borer  such  tm  found  In  a  ws.U  equipped  machine  shop  may  be  set  up  to 
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moJce  several  mutiko  at  one  LJjr.e ,  Several  thicknesseo  of  milking  muterlal  ol’ 
about  0.010  jtu'h  thick  may  be  clamped  together  and  machined  simultaneously. 
Drilling  and  routing  easily  allow  for  rounds  and  circles  to  be  designed  into 
the  pattern  instead  of  squares  and  rectangles  as  with  etched  patterns. 

Skilled  operators  are  able  to  achieve  tolerancea  rm  amujn  a? 

C.OGuS  men. 

The  deposition  of  an  PC  passive  network*  usually  requires  evapora¬ 
tion  through  four  stencilling -masks  from  a  minirdum  of  three  evaporation 
sources.  A  separate  mask  is  required  for  each  of  the  following:  (l)  reaie- 
tora,  (2)  capacitor  electrodes,  (3)  capacitor  dielectrics,  and  (>0  inter¬ 
connecting  conductor  lines  and  capacitor  countarelectrodes .  Separate  evapo¬ 
ration  sources  are  required  for  depositing  (l)  resistive  films,  (2)  capaci¬ 
tive  films,  and  (3)  oonductive  films  for  electrodes  and  interconnections. 

An  additional  mask-source  pair  i»  required  If  a  protective  or  encapsulating 
film  is  deposited  over  the  circuit. 

Batch  coating  requires  a  minimum  of  four  pump -down  cycles.  Between 
oach  pump-down  of  the  evaporutor,  masks,  substrates  and  evaporation  sources 
are  changed.  Thene  operations  require  considerable  manual  labor  and  ore 
titan  consuming.  Furthermore,  previously  depooited  films  may  become  oxidised 
or  contaminated.  For  these  reasons,  thin-film  microelectronics  will  probably 
not  gain  acceptance  in  industry  until  motive  and  passive  components t  their 
lnteroonneotlng  lines  and  oompleti  fabrication  is  accomplished  In  one  vacuum 
cycle.  • 

The  state-of-the-art  has  not  progressed  to  the  point  whore  this  is 
practical,  The  first  step  in  this  direction  Is  the  development  of  mask- 
source-substrate  changers  to  facilitate  the  deposition  of  passive  circuitry 
in  one  pump-down  cycle. 

A  nuggosted  list  of  features  that  such  a  ohanger  should  possess  . 

are: 

1.  A  minimum  of  three  -  preferably  four  or  more  -  eveporation 

sources. 

2.  Evaporation  source  to  be  directly  below  substrata. 

3.  Evaporation  source  shutter  mechanism  opsrated  by  ln-proosss 
monitoring  system  to  control  thloknass  of  evaporated  films,  so  as  to 
aohlevo  reproducibility  of  +  3  percent. 

k.  Baffling  to  prevent  contamination  of  .sources  by  vapor  stream 
from  the  other  souroes. 

5.  Sufficient  number  of  masks  to  define  a  minimum  of  four  circuit 
patterns  on  each  substrate  wafer. 

6.  Provisions  for  ssleotlng  and  registering  ssoh  mask  to  a 
tolerance  of  +  0,00?.  inoh  on  the  substrate. 
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7.  Pi’OViiiJ.urin  for  ueauring  (u)  intimate  contact  between  the  raunk 
juicl  aubotrute  or  (b)  cpaclng  of  mask  and  substrate  at  a  predetermined  dis¬ 
tance. 


B.  Prov;laion  for  hunting  subotrate  to  3fiO°C  10°C  while  it  is 
in  pon it ion  to  receive  evaporated  films.  ™ 

Among  Industrial  laboratories  employing  ohungora  of  varied  degrees 
of  complexity  are:  Vuro.  TRC.  ,  Douglas,  CBS  Elnctroiiloo  iuiu  I5n,  Tne 

latter  two  have  tin;  most  sophistiontod  arrangements ,  but  readily  admitted 
they  were  not  satisfactory  for  several  reasons.  In  addition  to,  mechnniool 
problems  there  are  those  of  monitoring,  mask  registration,  and  controlling 
temperature  of  the  substrates. 

E,  RESISTOR  FILMS 

Resistors  are  the  most  widely  used  components  in  RLC  networks. 
Considerable  study  la  being  conducted  on  resistive  materials,  processes  and 
substrates  upon  vhlah  resistors  are  deposited  for  mioroeireuitry  applications, 
lhin-film  resistors  may  be  fabricated  in  place  on  glass  or  ceramic  substrates 
by  a  number  of  processes,  vhlah  may  be  classified  as:  meahanioal  (lnjeotlon 
molding  and  scroen  process),  cheriioal  (pyrolysis,  hydrolysis  and  solid-state 
reactions)  unci  physical  (evaporation  and  spattering). 

Thin  films  suitable  for  ariorooircuitry  resistor  applications  should 
ber 

a.  oapable  of  being  deposited  in  a  reproducible  manner,  without 
resort  to  hand-trimming  to  meet  resistance  specifications  ■> 

b.  ohemloolly  inert  to  atmospheric  gasc.s 

a.  elcotriaelly  stable 

d.  thermally  stable 

e.  oapable  of  adhering  tenaciously  to  substrata  material 

f.  relatively  free  of  electrlool  and  thermal  noise 

g.  characterised  by  s  relatively  high  resistance-pev-square 

h.  endowed  with  coefficient  of  thermal  expansion  approximating 
that  of  the  substrate  material. 

Tlia  M  wound  Ordnanoe  Fuse  Laboratory  (DOFL)  has  investigated  the 
fabrication  of  resintors  by  applying  resistor  ink  either  by  pen-type  or 
aoreen-type  printers.  These  methods  ox*  claimed  to  be  satisfactory,  but 
not  as  vera utils  as  the  injection  molding  prooess  vhlah  allows  for  producing 
a  wider  range  of  resietunoes.  DOFL  has  made  thln-fllm  resistors  by  high  ^ 

vacuum  evaporation  techniques  end  has  also  suggested  the  use  of  tape  real¬ 
tors.  Eleobrloal  grade  steatite  wafers  are  used  as  substrates. 
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*r  never*.  I  yeuru  high  grade  tb In-JUlm  tin  ox'lile  tMiiinborti  li.-ivr 
'ini  :  ■  hr |  rviti.nl  'in  Klein;  uubntlfctes  by  the  hydrolytic  of  tin  chloride.  'iVc 
■ii  I  ;i  l  •i‘!5  clii'iu.I.O'il  ly  ntnl  electrically  utuble  and  nr*;  cup'dilc  of  vlth- 
..•■it. I i  ii;'  ij' mu  i  ili'i'nbl  i;  mcvtliiLii t  ini  1  ahum,  .  Ainu,  they  hrvo  u  l  ew  temperature 
u  iT’.I.c  I  nit  (uni  nr<-  relatively  iree  from  electrical  amt  'Uiormel  noise.  Tin 
Me  la  nuiinully  an  n-t.vi>e  3um.lcoiKluut.tH'  thirl.  <vm  r*"uH  iy  v.«  Hop/y!  v/itV.  a 
■  |  -type  miitcr  In!  a  to  uitcr  ita  v  leetrioa.1  oLnr'V.’terintlc'j , 


The  rur.ir.t.uioc  wi  tin  oaUIv  fl lmct  utipuruiu  upon  n  numoor  or  process¬ 
ing  pimuneteru,  Only  ,u  l'ew  of  the  variables  are  normally  controlled,  oot.- 
uoque nh ly  roulutoru  mn.ile  from  tin  oxide  layers  are  usually  selected  from 
various  lots  according  to  resist. voice. .  . 

Recently  Motorola  (lbuenj.X )  claimed  to  bo  able  to  control  process- 
I  rev  vuvlublbo  to  suilh;.  /ui~oxteri>;!bb.at  tin  oxiae  films  can  b«  fabricated  with 
I-  p red  lotah In  ■ resistance  par  square.  ' 

lW.11  Telephone  Laborutoribs^produoeB  up  to  nine  mioroulrcu.1t 
real  atom  on  a. flags  or  uorumic  substrate  by  sputtering  tantalum  through  a 
'1  lapoonblb  musk.  Hie  tantalum  1'ilrau  are  stabilized  by  annealing  in  air. 
During  this  treatment  the  tup  layers  of  tantalum  are  converted  to  an  inaulnt- 
in/;  oxide  i Uu I  tli«*  rou.l.utuniio  o"  the  film  is  Increased ,  Following  this  .treat •* 
merit  tlie  resistors  aru  quibn  stable,  An  average  change  in  resistance  of 
about  0,2$  in  000  hours  at  100°C  la  reported  for  laboratory  samples.  Hie 
tempartlturo  ooefflolent  of  resistivity  of  thess  film*  is  of  the  order  of 
J  00  ppm/C  ns  compared  to  approximately  3000  ppm/°C  for  bulk  tantalum. 

The  resistance  of  a  film  produced  in  the  manner  described  above  Is 
difficult  to  oantrol.  Hence,  provisions  must  be  made  for  hand  trimming  of 
resistors  to  desired  valuno  (See  Figure  pi). 

Deposition  by  high  vucuum  evaporation  appear#  to  be  the  most 
liopulur  method  for  producing  thin  film  resistor*  for  microcireuitry  applica¬ 
tions.  A  whole  so.riua  of  metals,  semiconductor^  and  alloys  have  been  studied 
for  this  purpose. 

&2 

Nichram*  (00$  nickel  :  P 0$  chromium)  was  one  of  the  first  alloys 
I nvuHtiguti'd  and  still  remains  the  most  popular  material  for  thin-film 
resistor  applications.  Resistances  of  from  10  ohms  per  square  to  over  5000 
nhmc  per  aquaru  have  been  reported.  N1 chrome  films  showing  less  than  about 
PO  ohms  per  square  ore  so  thick  that  thoy  partially  disintegrate.  This  break 
up  of  th**  film  is  p rah ably  duo  to  the  difference  botween  the  expansion  and 
aonduutlon  properties  of  the  alloy  and  the  underlying  substrate.  Nlehromo 
fl.lmn  thin  enough  to  show  resistance*  greater  than  about  300  ohms  per  square 
rviniiuliy  do  not  exhibit  the  dogrea  of  stability  desired  for  olroult  fabri¬ 
cation.  Kowovur,  oomc  industrial  laboratories  report  the  sucoeesful  use  of 
n I  chrome  films  showing  real  stances  of  1000  ohms  per  square  and  even  highen 
Dour, Inn  Aircraft  Company  reports  having  made  stsble  nlohrome  resistor*  ehow- 
Ing  roHi  ntnncen  great  or  than-  5000  ohms  per  square,  'Itoese  films  were  reportod 
tu  hi/vi"  been  ntnbl U’/.ed  In  u  helium  atmoephorc  lmmndlateily  after  vacuum 
■lopuui  U.Lon. 
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Kugnrd  Li’f;n  of  tho  monitored  rosiatiuice  of  mi  evaporutoi!  thin 
rd chrome  film  the  roo.i otunco  subsequently  undergoes  chnugno  thot  may  b<- 
quite  pronounced ,  immediately  after  the  evaporation  cyole  the  reclutunco  of 
nluhrumc  film  slightly  decreases .  Thin  Initial  resistance  decrease 
probably  reunite  from  structural  changes  talcing  place  within  the  film.  The 
hi I'hov  the  suhn Irate  temperature,  the  .1  oob  noticeable  any  initial  decrease 
In  rr»f! I >u<«,  '«!<?  resistance  of  ;vo.jjoi <  tcu  niciirome  n  1.1ns  neginn  to  rise 

after  ;uiy  initial  decrease  In  resistance.  This  increase  in  resistance 
results  from  a  decrease  In  inctnl  film  thickness  due  to  conversion  ni’  surface 
l  iyt:!-.-!  tn  a  non-conducting  metal,  oxide.  The  oxidation  process  and  associated 
.rcsiatonce  Increase  proceeds  slowly  in  the  vacuum  of  the  coating  chamber.  If 
■  Ir  lu  ndmifctod  into  the  chamber  shortly  after  the  evaporation,  cycle,  the 
n  I.  chrome  film  under  goes  a  rattier  large  increase  in  resistance.  After  the 
resistor  la  removed  from  the  chamber,  its  resistance  slowly  increases  until 
a.. condition  of  stability  13  practically  attained.  The  ultimate,  resistance 
"and  the  time  required  for  stabilization  cannot,  in- general,  W  accurately 
predicted',  for  this  reason,  annealing  or  other  treatments  are  resorted  to, 

In  utt, erupts  '■  to  stabilize  the  resistance  of  ni  chrome  films. 

Evaporated  layers  of  Bil  l  con  monoxide  are  somotim?t;  used  to  protect 
resistor  films.  Generally,  these  .layers  are  effective;  however,  the  all  too 
frequent  pro Bonce  of  pinholes  in  evaporated  layers  of  silicon  monoxide  will 
ev-potm  tile  resistor  film  to  the  air  and  allow  It  to  oxid.1  ue  or  agglomerate. 
Uetter  filming  materials  or  improved  evaporation  techniques  are  suggested 
on  remedies, 

A  different  deposition  sequence  is  usually  followed  whan  reBiator 
films  ore  coated  with1  a  protective  layer.  (See  figure  22),  Frequently,  the 
resistors  ore  the  first  circuit  elements  evaporated.  They  are  usually 
deposited  on  hritort  substrates  and  subjected  to  a  subsequent  heat  treatment 
in  vaouum  before  tho  remainder  of  the  circuit  elements  are  evaporated.  The 
heat  trsatmsut  causes  an  oxide  film  to  form  \diioh  Is  normally  thin  snough  to 
allow  adequate  electrical  oontact  to  be  made  with  the  subsequently  evaporator! 
■natal  layers. 

When  protective  layer a  are  deposited  on  resistor  films,  the  evapo* 
ration  is  normally  made  through  the  wane  mask  that  defines  the  resistor 
areas.  fl.iuce  protective  layers  are  excellent  insulators,  filths  evaporated  " 
on  to  them  oennot  make  sluotrlonl  oontact  with  the  underlying  resistor  film. 
For  this  reason  contacts  for  the  resistors  must  be  deposited  prior  to  evapo¬ 
rating  the  resietor  anil  protective  films,  as  shown  in  method  1  of  Figure  22. 

Probably  the  present  state -of -tho -art  of  evaporated  thin-fllm 
microelectronics  permits  tho  economical  production  of  passive  network 
circuitry  consisting  only  of  resistors  and  their  interconnecting  lines. 

Even  though  considerable  progress  hue  been  made  In  the  development 
of  I'vaporated  resistive  films,  rnuah  reseuroh  ard  development  work  rcmnlne 
to  bo  done, 

Aroau  uf  .lim.otig''tion»  in  which  resistor  fUm  improvemento  nvo 
required  arm  reproducibility,  ntubility,  reoistaros  par  square,  trmpnrnbim- 
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dependence,  and  high  temperature  environment. 

V .  CAPACITORS 

C:ipac:i tors  cun  be  formed  in  place  on  n  glass  or  ceramic  substrate 
by  the  alternate  evaporation  of  metals  and  dielectrics.  A  capacitor  of  the 
simplest  structure  consists  of  two  metal  electrodes  separated  by  a  dielectric 
layer.  The  capacitance  of  such  a  structure  depends  upon  the  electrode 
geometries  and  thickness  and  d- electric  constant  of  the  interposing  dielectric 
.layer.  For  a  given  capacitor  substrate  area,  the  capacitance  can  be  increased 
by  making  the  dielectric  layer  thinner,  increasing  the  number  '  f  metal - 
dielectric  layers  or  by  using  a  dielectric  having  a  higher  dielectric  con¬ 
stant.  The  minimum  thickness  of. a  usable  dielectric  layer  is  11  mated  by  its 
dielectric  strength.  The  addition  of  each  metal -dielectric  layer  requires 
two  additional  mask-changing,  source-changing  evaporation  cycles  -  a  costly 
operation,  hence,  the  use  of  dielectrics  showing  higher  dielectric  constants 
appear  to  be  the  most  satisfactory  method  of  achieving  higher  capacitances. 

Many  of  the  light-transparent  materials  used  for  optical  coatings 
have  found  favor  .'is  dielectrics  for  evaporated  capacitors.  Among  these 
materials  are  silicon  monoxide ^magnesium  fluoride  and  zinc  sulfide.  Despite 
its  relatively  low  dielectric  constant  (4  to  7-2)  sjlicon  monoxide  appears 
to  be  the  most  poxmlar  dielectric  for  vacuum  evaporated  capacitors.  This 
popularity  is  a  result  of  the  ease  with  which  silicon  monoxide  can  be  evapo¬ 
rated  and  the  glass-like  character  of  the  resulting  films. 

The  composition  and  consequently  the  electrical,  properties  of  films 
produced  from  silicon  monoxide  starting  material  vary  with  rate  of  evapora¬ 
tion  and  the  residual,  gas  pressure.  Films  produced  at  a  rapid  rate  in  a  poor- 
vacuum  or  slowly  in  a  good  vacuum  are  predominantly  silicon  dioxide  and 
exhibit  the  optical  and  electrical  properties  of  silica.  On  the  other  hand, 
fill  is  produced  vapidly  in  a  good  vacuum  show  optical,  and  electrical  proper¬ 
ties  approaching  those  of  silicon. 

The  yield  of  capacitors  by  high  vacuum  evaporation. is  lover  than 
one  might  expect.  A  major  cause  for  rejection  is  "shorting"  of  the  capaci¬ 
tor  due  to  faulty  cleaning,  dust  particles  or  "spitting"  from  the  evapora¬ 
tion  source.  Despite  all  precautions  to  avoid  surface  contamination, 
pinholes  continue  to  appear  in  dielectric  films.  The  source,  or  sources,  of 
these  imperfections  is  not  completely  understood.  However  several  experi¬ 
menters  have  noticed  that  the  number  of  pinholes  per  unit  area  of  a  dielectric 
film  decreases  with  a  decrease  in  coating  pressure.  This  fact  indicates  that 
occluded  gases  may  be  responsible  for  the  formation  of  some  of  the  pinholes. 

Short  circuits  in  evaporated  capacitors  can  be  "burned  out"  by 
discharging  a  4  mfd.  capacitor  across  the  electrodes.41  This  procedure, 
however,  does  not  appear  practical  for  production  purposes. 

Some  experimenters  have  reported  capacitor  shorts  due  to  the 
occurrence  of  weak  points  in  the  dielectric  at  the  sharp  step  in  the  bottom 
electrode  layer.  Shorts  due  to  this  cause  can  be  avoided  by  supporting  the 
evaporation  mask  about  1  mm  away  from  the  substrate.4* 
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Varo  Mtuuifacturing  Company  uses  a  technique,  originating  at  g'.-rvo- 
mechnni  unu;,  for  ae:iling  pinholes  in  dielectric  films  with  high  resistivity 
silicon.  Evaporated  silicon  "behaves  like  a  metal  in  that  it  has  a  tendency 
to  diffuse  over  the  surface  of  freshly  evaporated  SiO  and  fill  the  pinholes, 
'[ho  resistance  of  the  silicon  "shorts"  in  the  silicon  monoxide  layer  is  too 
high  to  adversely  affect  the  electrical,  properties  of  the  layer. 

If  capacitors  are  formed  by  first  evaporating  a  silicon  monoxide 
layer  over  an  aluminum  electrode,  pinlioles  c;m  be  sealed  by  a  di  chromate' 
treatment  or  by  anodizing  the  exposed  aluminum  in  an  ammonium  tartrate  bath. 
Thor!,-’  arc  other  chemical  and  electrochemical  methods  that  may  be  used  to 
sonl  pinholes  in  cupacitor  dielectric  films.  Although  these  pinhole  sealing 
methods  arc  useful  laboratory  techniques,  they  do  not  appear  to  be  satis¬ 
factory  for  use  in  production  processes. 

Among  other  evaporated  capacitor  dielectrics  under  investigation 
are  boron  nitride,  calcium  fluoride,  aluminum  oxide  and  some  of  the  rare 
earth  Cjxides  and  fluorides. 

oi.lieon  dioxide  capacitor  films  can  be  produced  by  the  pyrolytic 
decomposition  of  silicate  vapors.  Motorola  (Phoenix)  reports:  "A  capacitor 
uas  formed  using  the  deposited  Si()2  film  as  a  dielectric  between  two  evapo¬ 
rated  aluminum  films.  The  capacitance  area  was  one-fourth  of  a  square  inch 
and  the  dielectric  thickness,  as  measured  by  sodium-light  multiple -interfer¬ 
ence  techniques,  was  between  1  x  10“5  and  1.2  x  10“5  inches.  Tne  capacitance 
measured  0.025  microfarads  and  the  dielectric  dissipation  factor  at  1000 
cycles  per  second  was  0.0<X5.  The  dielectric  constant  of  the  films  was 
determined  to  be  “'approximately  4.5  which  compares  favorably  with  a  k  of  3 
to  4.1  for  quartz".  TI02  films  can  be  produced  in  a  similar  manner  by 
hydrolysis  of  ethyl  esters  of  orthotitanic  acid.  Techniques  for  producing 
these  films  on  a  production  basis  have  not  been  reported. 

Excellent  capacitors  can  be  produced  by  anodizing  evaporated  metal 
films  and  applying  an  evaporated  counter  electrode.  Evaporated  aluminum  can 
be  anodised  in  an  ammonium  tartrate  bath  to  form  a  pinhole -free  hard  adhering 
oxide  film.  The  thickness  of  an  oxide  film  produced  by  this  method  is  12. 7A 
per  volt.  The  dielectric  constant  is  about  8.7*  Capacitors  produced  by  this 
method  are  currently  being  studied  by  the  NAFI  Laboratory. 

Metals  other  than  aluminum  con  be  deposited  on  substiates  and 
subsequently  anodized  to  form  capacitor  dielectric  films.  Bell  Telephone 
Laboratories  are  using  deposited  tantalum  for  this  purpose.  Capacitors  are 
produced  by  anodizing  sputtered  tantalum  films  and  applying  an  evaporated 
counter-electrode  such  as  gold  or  aluminum.  Capacitors  for  $0  volt  operation 
have  u  capacitance  of  about  0.1  mfd/cm^.  The  dielectric  constant  of  anodic 
Tu£>0^  is  about  25  or  about  three  times  that  of  anodic  AJ-2^3*  However,  the 
time  consumed  in  processing  a  tantalum-tantalum  oxide  double  layer  is  quite 
long.  The  sputtering  time  for  depositing  a  tantalum  film  of  suitable  thick¬ 
ness  is  about  on  hour  as  compared  to  about  a  minute  for  evaporating  an 
aluminum  film.  Thermal  evaporation  rather  than  cathodic  sputtering  would 
materially  reduce  the  time  required  for  depositing  tantalum  layers,  An 
anodizing  time  ol'  from  one-half  hour  to  4  or  5  hours  is  required  for  forming 
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waft.  nmy>. 


T, ,oOc  .'Layer:;  .for  capacitor  applications .  Only  about  a  minute 
mull.;.'  AlpOx  films  of  comparable  thicknesses . 


requit'aii  for 


because  of  its  high  dielectric  constant  titanium  dioxide  is  a 
if' .nimble  dielectric  for  capacitors  having  microelectronic  applications. 
Unfortunately  TiOp  partially  dissociates  when  heated  in  a  vacuum  so  that  the 
resulting  films  consist  of  a  bluish  suboxide  of  titanium.  Starting  with  :■ 
suboxide  of  titanium,  the  NAFI  Materials  Laboratory  has  evaporated  colorless 
films  in  a  poor  vacuum  in  which  the  residual,  gas  was  oxygen.  These  films, 
which  were  assumed  to  consist  essentially  of  TiOp,  will  be  studied  with 
regard  to  their  adaptability  to  microelectronics  applications. 


Ferro -electrics  such  as  b.-irium  titanate  and  other  titonutes  have 
high  dielectric  constants,  These  materials,  like  TiOp,  dissociate  when 
heated  in  u  vacuum.  Servomechanisms,  Jnc.  is  experimenting  with  a  reactive 
sputtering  teclmique  for  producing  films  of  BaTi 0^  •  The  starting  mated :tl  is 
u  tiiin  plate  of  barium  titanate  ceramic  (supplied  by  Mullenbach).  The  barium 
ti.tann.te  is  rendered  electrically  conductive  by  heat  treatment  in  a  hydrogen 
reducing  atmosphere.  The  reduced  barium  titanate  is  m;ide  the  cathode  in  a 
reactive  sputtering  chamber  in  which  the  residual  gas  is  pure  oxygen.  Films 
resulting  from  this  reaction  show  promise  as  a  capacitor  dielectric. 


Films  consisting  essentially  of  barium  titanate  have  been  produced 
by  evaporating  reduced  barium  and  titanium  oxides  from  separate  sources.  The 
resulting  films,  which  consist  of  a  mixture  of  the  suboxides  of  barium  and 
titanium  are  oxidized  by  heating  in  air  at  a  temperature  above  'f50°C.  Titan¬ 
ium  films  can  be  converted  to  TiOp  layers  by  a  similar  treatment. 

Wirile  many  of  the  above  mentioned  methods  of  forming  dielectric 
layers  are  suitable  for  use  in  fabricating  isolated  capacitors  their  applica¬ 
tion  to  microelectronics  will  require  further  study.  For  example,  one 
critical  problem  in  the  formation  of  dielectric  films  is  to  control  their 
thickness.  This,  plus  the  geometry  and  dielectric  strength,  determines  the 
ultimate  utility  of  the  capacitor. 

The  fabrication  of  evaporated  thin-film  capacitors  appears  to  be 
ill  a  rather  rudimentary  stage  of  development.  Because  evaporated  capacitors 
are  difficult  to  fabricate,  frequently  exhibit  "shorts",  and  show  low 
capacitance  per  unit  area,  many  experimenters  resort  to  inserted  ceramic 
capacitors. 


Areas  of  investigations  in  which  capacitive  film  improvements  fire 
required  are :  elimination  of  pinhole  shorts,  dielectric  constant,  dielectric 
strength,  dielectric  loss  and  fabrication  techniques. 

(!.  INDUCTORS 

The  fabrication  of  inductive  devices  by  thin-film  techniques 
presents  problems  in  masking  and  involves  evaporation  sequences  that  are 
difficult  to  control.  (See  Figure  23 )•  Only  low  value  thin-film  inductors 
have  been  made  because  of  area  limitations  and  the  necessity  of  depositing 
them  in  n  two-dimensional  spiral-.  A  flat  spiral  thin-film  inductor  of  only 
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one  microhenry  ct nslsts  of  n  seven-turn  spiral  l/2  inch  OD.  :<  3/0  inch  l.D. 

I  DM  reports  the  production  of  a  two-dimensional  spiral  10  micro¬ 
henry  Inductor  comh  sting  of  IMj  turns  of  0.002  inch  conductors  spaced  0.00H 
inch  on  centers.  Fabrication  of  this  inductor  required  successive  applica¬ 
tions  of  vacuum  evaporation  elect rodepoaition  and  photoengraving  techniques. 

The  incorporation  of  inductors  in  microcircuitry  should  be  avoided 
when  possible.  Ouch  well-known  networks  as  the  twin  T  and  various  filters 
or  R0  coupled  oscillators  can  often  he  substituted  for  inductors.  Low 
frequency  oscillators  can  he  made  by  phase -shifting  RC  networks .  Certain 
solid  state  devices,  used  in  conjunction  with  more,  conventions1,  circuit 
components,  behave  as  virtual  Inductances  in  some  circuits. 

Even  though  inductors  remain  an  anomaly,  some  promising  work  has 
been  performed  at  the  Signal  Corps?0  They  have  been  able  to  synthesize 
inductors  to  a  limited  extent,  by  using  P>C  networks  with  a  negative --resistance 
diode.  A  germanium  diffused-base  transistor  with  an  open-circuit  base  connec¬ 
tion  serves  as  the  diode. 

H.  CONDUCTIVE  FILMS 

Conductive  films  are  the  least  critical  of  evaporated  circuit 
components  and  their  deposition  does  not  present  many  problems.  The  choice 
of  conductor  material  is  governed  by  a  number  of  factors  including  adhesion 
to  substrate  and  to  adjacent  layers,  compatibility  with  materials  of  adjacent 
layer!  and  method  adopted  for  attaching  leads  of  inserted  components. 

In  general.,  metals  that  grow  hard,  adherent  protective  natural 
oxides  adhere  tenacious] y  when  evaporated  onto  other  metals  and  onto  glass 
or  ceramics.  Among  these  metals  are  chromium,  titanium  and  aluminum.  How¬ 
ever,  because  of  their  protective  oxide  coatings,  it  is  impossible  or 
extremely  difficult  to  solder  directly  to  these  metals.  On  the  other  hand, 
metals  that  do  not  form  protective  oxide  coatings  adhere  poorly  when  evapo¬ 
rated  on  to  oxide  protected  metals,  glasses,  and  ceramics.  Among  these  are 
the  easily  soldered  copper,  gold  and  silver.  These  metals,  however,  form 
strong  metallic  bonds  when  evaporated  onto  unoxidized,  clean  metallic 
surfaces.  Consequently  a  solderable  s\rrface  can  be  produced  on  a  glass, 
ceramic  or  other  oxide  coated  surface  by  first  evaporating  a  layer  of 
chromium,  titanium  or  aluminum  and  then  evaporating  a  layer  of  copper,  gold 
or  silver.  The  sequence  of  evaporations  must  take  place  in  the  same  vacuum 
and  In  rapid  succession  from  adjacent  evaporation  sources.  Any  appreciable 
time  lapse  between  the  evaporation  of  the  oxidizable  and  solderahie  layers 
results  in  the  formation  of  an  oxide  barrier  layer  between  the  two.  Even  at 
pressures  as  low  as  ICT^mm  Hg  there  is  sufficient  oxygen  to  rapidly  form  an 
oxide  barrier  layer  on  some  metals.  Hence,  the  sure  way  to  obtain  metallic 
bonding,  and  therefore  good  adhesion,  between  two  metals  such  as  gold  and 
chromium  is  to  avoid  a  barrier  layer  by  intermixing  these  metals  at  their 
interface.  This  is  accomplished  by  first  evaporating  chromium  and  at  the 
first  visual  indication  of  deposition  bring  up  the  gold  evaporation  while 
shutting  down  the  chromium  evaporation.  The  gold  evaporation  is  continued 
until  a.  satisfactory  thickness  is  reached. 
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To  be  moot  effective,  these  composite  films  should  be  deposited 
In  a  vucuum  less  than  5  x  10“°mm  Hg  on  substrates  heated  to  at  least  ?.'j 0°C. 

Wi  res  soldered  to  films  thusly  produced  cannot  be  pulled  from  the  substrate 
without  breaking  the  wire,  disrupting  the  solder  .joint  or  damaging  the  under- 
.! ‘  ng  substrate . 

'if  the  loads  of  Inserted  components  are  to  be  attached  to  micro- 
1:  j  rcuitry  by  thermo-compression  bonding;  aluminum  upper, rs  to  be  the  prof  err/,  d 
material  for  conductive  films.  Even  though  aluminum  films  are  protected  by 
a  hard  adherent  natural  oxide  coating,  this  oxide  is  readily  penetrated 
'luring  tile  thermo-compression  process  so  that  gold  leads  are  firmly  bonded. 

1  .  AdlVE  COMPONENTS 

Evaporated  thin  film  microelectronics  will  probably  not  gain  complete 
acceptance  by  industry,  until  active  as  well  as  passive  components  can  be 
deposited.  At  present,  neither  diodes  nor  transistors  can.  be  deposited  by 
techniques  compatible  with  the  deposition  of  other  components  and,  their  inter¬ 
connections.  However,  Dr.  H.  A.  Stone  of  BTL  predicts2-  "for  1970  that  this 
problem  will  be  overcome,  and  while  the  thin -film  active  devices  may  turn 
out  to  be  very  unlike  transistors,  they  will  perform  some  of  the  same  func¬ 
tions".  Until  this  time  arrives,  active  components  will  have  to  be  made 
separately  and  attached  to  the  substrates  by  various  mechanical  means. 

J.  CONTROL  OF  FILM  THICKNESS 

Vacuum  deposited  films  fdr  microelectronic  applications  must 
njr/.nlly  be  deposited  to  specified  thicknesses.  Methods  of  controlling  film 
thickness  may  be  divided  into  three  categories,  namely,  optical,  electrical, 
and  mechanical. 

A  mechanical  method  that  would  appear  satisfactory  is  to  volatilise 
a  weighe  quantity  of  material..  If  film  thickness  control  is  critical, 
this  metnrd  is  not  satisfactory  because  there  are  practical,  difficulties  in 
evaporating  a  complete  charge  from  a  source  and  in  preventing  evaporant 
losses  by  spitting  of  the  source  material  during  out-gassing. 

A  second  mechanical  method  of  monitoring  film  thickness  involves 
weighing  the  amount  of  material  evaporated  onto  a  surface  of  a  given  area. 
Torsion  balances  can  be  made,  or  purchased,  that  have  a  sensitivity  of  one 
microgram.  The  film  to  be  weighed  is  deposited  on  to  a  balance  pan  placed 
adjacent  to  the  substrate.  The  laboratories  of  the  National  Cash  Register 
Company  have  found  this  method  satisfactory  for  monitoring  the  thicknesses 
of  evaporated  magnetic  films. 

An  electro-mechanical  method  of  film  thickness  in-process  control 
is  provided  by  the  vibrating  crystal  device.  In  this  device,  one  fa.ee  of 
a  piezoelectric  crystal  is  exposed  to  the  vapor  stream.  The  natural  frequency 
of  the  crystal  changes  in  proportion  to  the  mass  of  material  deposited  thereon. 
The  change  in  frequency  is  compared  to  a  fixed,  frequency.  Change  in  the 
difference  frequency  may  be  calibrated  to  indicate  the  amount  of  material 
deposited.  Among  the  laboratories  exploiting  this  method  of  thickness  control 
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Varo,  134,  and  Remington-Rand  Univac . 

Resistance  determination  illustrated  in  Figure  ?U  is,  of  course, 
the  preferred  method  for  monitoring  resistor  films.  Another  electrical -hype 
in-process  control  illustrated  in  Figure  24  utilizes  a  modified  ionization 
gauge  as  a  rate  sensing  device,  which  may. he  used  to  control  current  to  the 
evaporation  source.  IRM  reports  successful  application  of  this  device. 

There  are  several  optical  methods  for  film  thickness  monitoring. 

The  more  common  are  the  devices  (see  Figure  24)  for  measuring  optical  trans¬ 
mission  and  reflection.  Another  optical  method  is  interferometry  control, 
which  is  accomplished  "by  using  a  photoelectric  sensor  to  count  interference 
peaks.  It  is  capable  of  providing  thickness  control  to  100  Angstroms. 

Most  monitoring  devices  work  fairly  well  for  hatch  coating,  hut 
complications  arise  when  they  are  used  with  mask -source- substrate  changers. 
Practically  all  sensing  devices  lose  their  sensitivity  after  more  than  one 
evaporation,  and  should  he  cleaned  or  compensation  he  made  before  proceeding. 
When  used  with  mask-source  changers,  mechanical  and  electrical  problems  can 
he  the  cause  of  serious  difficulties.  Each  evaporation  source,  theoretically, 
should  ha\e  an  associated  sensing  device;  this  means  -  if  vacuum  is  maintained 
that  shutters  or  other  mechanical  means  must  he  provided,  to  protect  or  move 
sensing  devices  from  the  outside. 

,  Many  monitoring  devices  have  not  oeen  refined  to  the  point  where 

they  are  reliable  and  ready  for  the  production  line.  More  development  work 
is  required. 
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VI.  NAFI  LABORATORY  PROGRESS 


Paragraph  ic  of  BuAer  (now  BuWepc  )  Inc  t  motions  for  Budget  Project 
No.  82  requested  NAFI  to  "perform  production,  technique  work  as  neceBsary  to 
make  detailed  recommendations  (on  microminiaturization  of  electronic  circuits)" 
Accordingly,  the  NAFI  Materials  Laboratory  has  established  an  experimental 
plant  to  facilitate  evaluation  of  the  evaporated  thin-fllm  approach  to  micro¬ 
electronics  . 

Selection  of  the  evaporated  thin-fllm  approach  ae  the  subject  of 
initial  studies  on  microelectronics  was  made  because: 


1.  'The  evaporated  thin-film  approach  appeared  to  be  nearest  to 
realization. 

2.  Basic  facilities  were  available  for  processing  thln-film 

circuitry. 


3.  Personnel  skilled  In  theory  and  technology  of  thin  films  were 

available . 

4.  Insufficient  data  were  available  on  solid  circuits  and  the 
"molecular"  approaches  to  microelectronics. 

5.  Microcomponents  (microelements)  were  not  generally  available 
for  microcard  applications. 


The  feasibility  of  fabricating  thin  film  passive  networks  by  high 
vacuum  evaporation  techniques  was  demonstrated  fifteen  years  ago.  In  recent 
years,  a  few  industrial  laboratories  -  notably  Varo,  IBM,  IRC,  and  CBS 
Electronics  -  have  adapted  these  to  produce  laboratory  samples  of  passive 
transistorized  circuits  on  substrates  one  inch  square,  or  smaller.  Little 
data  is  available  regarding  capital  equipment  and  production  costs.  This  is 
one  prime  reason  many  concerns  hesitate  to  use  corporate  funds  to  support 
such  programs.  Also,  information  is  lacking  on:  yield,  reliability,  repro¬ 
ducibility,  wattage  dissipation,  and  environmental,  capabilities. 

So  that  NAFI  could  be  placed  in  a  position  to  evaluate  the  thin 
film  concept  of  microelectronics  and  to  obtain  a  perspective  view  of  the 
production  problems  involved,  an  experimental  facility  was  established. 

A.  DESCRIPTION  OF  PHYSICAL  EQUIPMENT 

Equipment  is  available  in  this  laboratory  for  evaporating  two  or 
more  materials  singularly,  or  in  combination.  The  initial  material  may  "be 
in  the  form  of  chunks ,  wire,  or  powder. 

In  addition  to  placing  the  evaporant  in  boats  or  on  filaments,  two 
types  of  mechanical  feed  devices  have  been  constructed.  One  uses  vibration, 
and  the  other  a  screw  feed.  Both  permit  the  temperature  of  the  boats  to  be. 
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f re -set.  The  opcrivto-  nos  continuous  manual  control  during  the  evaporation 
crj eic .  Those  various  evaporation  sources  and  mechanical  devices  permit  a 
vide  choice  of  evaporation  programs  to  he  set  up. 


Presently,  this  laboratory  maintains  four  vertical  vacuum  coaters; 
or.e  is  32"  >  2  are  l8"  and  one  as  2k"  in  diameter.  They  have  been  special  Tv 
designed  end  equipped  to  perform  most  sny  type  of  evaporation  cycle.  In 
addition,  a  full  complement  of  accessories  is  available,  such  as  vacuum 


gauges,  power  auppliss,  and  monitoring  equipment. 


Custom-made  equipment  is  available  for  making  evaporation  masks  by 
Boms  of  the  more  advanced  techniques  arbitrarily  classified  by  two  systems 
as  follows : 


I.  a.  Disposable 
b.  Reusable 
II.  a.  Negative 
b.  Positive 

The  mask  making  laboratory  is  equipped  with: 

arc  lamp  electroplating  aquipwnt 

vacuum  frame*  film  dryer 

plate  vhirler  dry  box 

vapor  degraaser  photographic  equipment 

Supporting  seivice*  consist  of  a  drafting  department,  photographic 
laboratory,  sod  consultants  In  w  number  of -fields,  auoh  as  metallurgy; 
chemistry,  oleotronloa,  aiid  physios.  Also  available  for  part  time  assistanos 
is  &  vall-Btaffed  materials  laboratory.  'This  laboratory  if  sxt rarely  veil 
equipped  to  perform  a  great  number  of  qualitative  and  quantitative  investi¬ 
gations.  A  a*n$le  of  some  of  the  major  equipments  at  tha  disposal  of  this  . 
project  are:  x-ray  dlffraatlon,  electron  diffraction,  large  prism  spectro¬ 
graph,  and  infrared  Spectrophotometer. 

B.  MODIFICATION  07  COATER 

The  NAZI  Materials  laboratory  Is  using  the  hatch  costing  method  for 
evaporating  passive  mloroclrouitry  on  to  glass  or  oeraadc  substrates.  Ibis 
approach  la  etqployed  because  a  high  vacuum  evaporator  readily  adaptable  to 
catch  coating  was  available.  No  si^erlority  is  claimed  for  this  method  over 
the  mask -substrate-source  changing  procedure  adopted  by  many  investigators. 

The  high  vacuum  evaporator  (Figure  29)  vss  design*''  at  NAFI  for 
fabricating  multi-layer  dichroio  optioal  filters.  Th*  optical  properties 
of  filters  made  lr.  any  one  coating  oyola  were  practloally  identical.  This 
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indicated  that  the  evaporator  was  capable  of  depositing  films  shoving  a  high 
degree  of  uniformity  a  desirable  feature  for  microcircuitry  fabrication. 

The  high  degree  of  uniformity  of  coatings  is  assured  by  the  compound 
circular  motion  described  by  the  substrates  during  oh  evaporation  cycle.  The 
substrate  wafers  are  mounted  in  individual  holders  attached  to  one  of  four 
circular  plates  counted  in  a  horizontal  plane  on  a  revolving  wheel.  Thus, 
the  substrates  describe  epicyclical  paths  during  a  coating  cycle.  The  evapo¬ 
ration  source,  or  sources,  are  located  directly  below  the  circumference  of  the 
outermost  circle  described  by  the  rotating  mechanisms.  Theoretically,  the 
greatest  degree  of  uniformity  of  coatings  is  achieved  when  the  distance  from 
the  evaporation  source  to  the  plane  of  the  substrates  is  equal  to  the  radius 
of  the  outer  circle.  In  practice,  it  was  found  more  convenient  to  locate 
the  evaporation  sources  about  twice  this  distance.  This  coice  of  distance 
was  selected  as  a  compromise  between  depositing  films  rapidly  and  minimizing 
shadowing  effects  of  the  masks  at  large  engles. 

In  a  coating  arrangement  constructed,  as  described  above,  the 
evaporation  sources  are  displaced  about  the  circumference  of  a  relatively 
large  circle.  Each  source  contributes  to  the  deposition  of  a  uniform  film 
on  all  the  substrates.  Hence,  more  than  one  source  can  be  used  to  increase 
the  speed  of  deposition,  or  two  or  more  sources  can  be  used  for  the  co- 
deposition  of  two  or  more  materials.  Also,  different  typeB  of  evaporation- 
source  heaters,  such  as  resistance,  electron  bombardment  and  induction,  can 
be  operated  simultaneously,  or  separately,  in  the  evaporation  chamber. 

There  are  some  undesirable  physical  features  about  this  coating 
arrangement : 

a.  it  has  an  abundance  of  complex  moving  parts 

b.  it  lacks  a  convenient  means  of  monitoring  substrate  temperatures „ 

Also,  it  should  be  noted,  magnetic  films  cannot  be  evaporated  onto  moving 
substrates,  because  there  is  no  convenient  means  for  magnetically  orienting 
moving  films. 

At  present  the  NAFI  coater  is  tooled  to  accommodate  eleven  5/6" 
square  substrates  on  each  of  four  circular  holders.  Thus,  44  microcircuit 
patterns  can  be  simultaneously  and  uniformly  deposited  during  an  evaporation 
cycle.  An  alternative  arrangement  provides  for  evaporating  circuitry  onto  32 
substrates  1"  x  l/2".  (See  Figures  25  and  26). 

C.  S10  PUMP  AND  SUBSTRATE  HEATER 

A  novel  arrangement  v  developed  for  simultaneously  heating  a 
Bubstrate  and  providing  "pumping  action  where  it  is  most  needed  -  near  the 
heated  substrate.  This  device,  which  is  diagramed  in  Figure 27  exploits  the 
gettering  action  of  evaporating  silicon  monoxide.'*  A  description  of  a 
typical  pumping  cycle  involving  this  arrangement  illustrates  its  operation. 

Current  is  applied  to  the  heater  coils  in  the  SiO  container,  which’ 
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is  :Ln  contact  with  the  substrate,  or  its  support,  ns  soon  els  the  evaporator 
pressure  is  reduced  to  about  10"*  mm  Hg.  The  SiO  temperature  is  maintained 
just  below  evaporation  until  the  evaporator  pressure  is  reduced  to  about 
10"^  mm  Hg.  This  pre-heat  phase  allows  the  SiO  to  outgas  and  the  substrate  to 
become  heated.  An  increase  in  the  current  applied  to  the  heater  coils  causes 
SiO  to  slowly  evaporate  and  condense  on  the  shields  above  the  SiO  container. 
Gettering  action  rapidly  reduces  the  pressure  in  the  evaporator  to  about 
1  x  10“5  mm  Hg.  A  lower  ultimate  pressure  can  be  attained  if  the  initial 
pressure  in  the  evaporator  'is  lower.  Simultaneously,  a  substrate  temperature 
of  200°C  can  be  attained  with  the  arrangement  illustrated.  With  an  improved 
design,  wherein  the  SiO  container  will  be  made  the  heat  source,  much  higher 
substrate  temperatures  can  be  expected.  Substrate  temperature  may  be  adjusted 
by  raising  or  lowering  the  SiO  pump,  hy  an  arrangement  operated  from  outside 
the  evaporator . 


Unlike  other  ion -getter  pumps  that  consume  the  gettering  material, 
the  SiO  deposited  on  the  pump  shields  may  be  scraped  off  and  reused.  Gases, 
trapped  during  a  pumping  cycle,,  are  released  during  the  pre-heat  phase  of  the 
subsequent  pumping  cycle.  However,  oxygen,  which  combines  with  the  silicon 
monoxide,  is  not  released,  and  the  gettering  material  has  to  be  occasionally 
rejuvenated  by  the  addition  of  a  small  amount  of  powdered  silicon. 


D.  MULTIPLE-BEAM  INTERFEROMETER. 

* 

Figure  28  shows  a  simple  multiple-beam  interferometer  for  measuring 
the  thickness  of  thin  films  by  the  Tolansky  method.  It  measures  the  step 
height  between  coated  and  bare  areas  of  a  polished  substrate  wafer.  Before 
measurements  can  be  made,  silver  is  evaporated  onto  both  areas,  and  a  flat 
test  plate  having  a  reflecting  but  semitransparent  coating  is  placed  on  the 
silvered  surface.  Interference  fringes  -  produced  hy  multiple  beam  reflections 
of  monochromatic  light  -  are  observed  through  a  low  power  microscope,  Filin 
thickness  is  determined  by  comparing  the  offset  in  the  interference  fringes 
across  the  step,  with  the  distance  between  them,  Ihe  distance  between  fringes 
is  a  half  wavelength.  Under  optimum  measuring  conditions,  this  method  permits 
determination  of  thickness  to  100  A  or  less. 


E.  PLATE  WIHRLER 

A  special  plate  vhirler  was  designed  and  built  at  NAFI  to  facilitate 
the  application  of  photosensitive  resists  to  glass  or  metal  surfaces  that  are 
to  he  etched.  Whirling  speedB  from  50  rpm  to  about  850  rpm  can  be  attained 
with  an  interchange  of  two  motors.  A  wide  range  of  plate  temperatures  is  also 
available.  High  whirling  speeds  end  heating  facilities  are  required  for 
applying  extremely  thin  two -layer  acid  resistant  photosensitive  layers  on  glass 
and  metals  that  are  normally  difficult  to  etch.  Hiis  whirler  is  versatile 
enough  so  as  to  be  used  for  making  circuits  by  the  subtractive  etching  method 
such  as  that  used  in  the  Haloid  process. 

F,  RESISTANCE  MONITORING 

A  device  to  monitor  resistance  films  during  deposition  has  been 
assembled  and  placed  in  operation.  In  essence,  a  glasB  microscope  Elide  - 
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with  suitable  leads  attached  -  ^a  used  oa  one  arm  of  a  bridge  circuit.  The 
monitor  slide  ib  held  in  the  vacuum  router  in  the  vicinity  of  the  oubstrates 
that  are  to  receive  the  deposited  film.  During  deposition,  a  digital  ohn- 
moter  indicates  the  resistance  as  the  film  is  forasd.  When  the  proper  reelst- 
ance  is  indioatad  a  shutter  la  automatically  placed  ovsr  the  evaporation  aource. 

0.  POWER  flUPPLTf 

For  aputtwrtng,  glow  discharge,  and  electron  bombardment,  a  high 
nogativo  voltage  direct  currant  power  supply  io  available.  It  is  rated  at 
2 , 500  volte  and  can  deliver  250  ailli amperes,  It  has  an  internal  overload 

control. 


II.  VACUUM  ARC 

Song  binary  alloys  and  refractory  metals  are  difficult  to  dapoait 
in  vacuum*  because  of  their  malting;  teai/'eratureu  and  vapor  pressures.  Hcvsver, 
there  are  ,a  fev  avadlkble.msana  of  attacking  this  problem.  Other  than  evapo¬ 
rating  them  by  electron  bcmtosrdment,  it  is  possibla  to  uaa  tham  as  elaotrodaa 
rf  a  controlled  arc  ii*  vcbuua.  Such  evaporation  sources  may  be  operated  on 
direct,  pulsed  diiectj  or  alternating  current,  depending  on  the  physical 
properties  of  the  materials  involved.  Silicon-carbide  may  be  deposited  by 
using  silicon  and  carbon  as  aloctrodes  of  an  aleotrlc  aro  in  vnouum.  In  ordar 
.to  investigate  these  various  expediencies,  a  suitable  contrcllsd  power  supply 
is  being  built  ir.  this  laboratory. 

I.  AOTAJHUTO  ACTIVE  GCKKKBCM 

\  «•  1  ‘  ' 

•it  ••  ......  ....  , , 

Ihe  prasent  state -of-ths-arh  doss  not  permit  tbs  vacuum  deposition 
of  dlodoa,  transistors,  or  other  active  oirouit  c  oapmente.  Hence,  these 
components  must  be  attaohed  to  the  passive  network.  There  are  at  least  thres 
differsnt  methods  ftir  attaching  component  leads  to  metallic  conductors  on 
glaaa  or  oertoio  substrates,  namely,  soft  soldering*  ultrasonic  welding,  and 
thermo -wepreas  ion  bonding.  If  the  lead*  are  gold  vires  of  small  diameter, 
they  can  be  bonded  to  met alii eed  coatings  by  applying  heat  and  pressure 
(thermo-coapression  bonding).  A  typical  exasplei  a  gold  wire  0.003  inch 
diameter  can  be  welded  by  applying  160  grams  fores  ut  200*0  with  an  inooael 
chisel  haring  an  edge  radius  approximately  2  1/2  times  tlxs  diameter  of  the 
wire.  Vhile  this  method  of  welding  leads  to  nssa  transisoors  and  other 
semiconductor  devices  is  etundard  practice,  it  does  not  appear,  at  pressnt, 
to  be  the  best  method  of  attaching  components  to  mttelli.ned  subotrates. 

Component  leads  ere  not  standardised;  and  in  the  case  of  PSI  adorctrsnslstors, 
three  leads  having  different  cross  sections  are  used.  Henoe,  three  different 
thermo -ocep res sion  heads  would  be  required  for  attaching  one  transistor. 

Qulton  Industries,  Ino.  has  cooperated  with  KAFI  in  investigations 
on  the  ultrasonic  welding  method  of  cttaohlng  component  leads  to  metallised 
surfaces .  Gold -plated  JXsnet  ribbons  0.003  Inch  thick  ly  0.018  inch  wide, 
identical  with  th'.>  leads  on  PSI  miorodlodes,  were  ultrasonic ally  welded  to 
microscope  slides  previously  coatrd  with  cm  evaporated  chramium-gold  double 
layer.  Qulton  Industries  reported  that  a  forue  of  about  80  pounds  for  about 
6  oeconds,  with  their  I'M  watt  unit,  was  required.  The  velds  appeared  adequate, 
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but  were  definitely  weaker  th.-ui  soldered  joints. 

Ordinary  soldering  techniques  with  lend -tin  solder  have  proved 
satisfactory  for  attaching  leads  to  metallized  glass  or  ceriani c  substrates. 
Adhesion  is  so  good  that  soldered  vires  p 'oiled  parallel  to  the  substrate 
c. -uniat  te  removed  without  breaking  the  wire  or  solder,  cr  removing-  some  of 
the  substrate  material.  Extra.,  care  must  be  taken  if  the  metallic  surface  is 
gold,  because  gold  diffuses  rapidly  into  the  solder.  Gold  diffusion  can  be 
reduced.  by  using  a  lead -gold  solder  (85-15 )  that  melts  at  '\25°F. 

Soldered  joints  are  not  as  attractive  as  welded  or  bonded  connec¬ 
tions,  but  they  are  easily  unsoldered  and  replaced,  if  necessary.  Also,  they 
probably  can  withstand  as  high  a  temperature  as  presently  used  diodes  and 
t rural  store. 

J.  MASK  FABRICATION 

Figure  3 0  illustrates  steps  in  the  fabrication  of  improved  masks 
by  an  electroforming  technique  using  nickel.  Perhaps  the  most  important 
innovation  is  in  step  6  in  which  a  heavy  layer  of  a  metallic  salt  is  deposited. 
Its  masking  effect  in  the  nickel  plate  bath  increases  the  fidelity  of  the 
deposited  nickel  stencil.  Masks  are  plated  to  a  thickness  of  from  .001R” 
to  .002". 


Conventional  masks ,  made  by  an  etching  process,  cannot  faithfully 
reproduce  the  art  work,  because  of  the  nature  of  the  etching  process. 
Allowances  for  this  must  be  made  in  the  original  art  work.  The  etched  pattern 
is  always  larger  than  the  original,  whereas  in  electroforming  the  reverse  'is 
true. 

K.  SCREEN  PRINTING 

Basic  equipment  for  screen  printing  intricate  patterns  by  Ty+b 
web  and  dry  processes  are  available  in  this  laboratory.  Various  organic 
and  inorganic  inks  can  be  applied  to  glass  and  ceramic  substrates  to  form 
conductive  and  resistive  patterns.  Photoengraving,  spray  etching,  and 
photographic  equipment  have  been  assembled  for  microcard  processing  applica¬ 
tions.  Resists  and  metallic  paints  can  be  screened  for  etching  and  firing, 
respectively. 
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NAFI  MASK  FABRICATION  METHOD 
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